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Abstract  
 

The gas phase pure rotational spectrum of the monoiodomethyl radical (CH2I· radical), has 

been observed for the first time in the millimeter-wave region using a frequency modulated 

microwave spectrometer equipped with a 2 m long free space absorption cell. CH2I· radical 

was generated by the reaction of either diiodomethane (CH2I2) or iodomethane (CH3I) with 

atomic chlorine (Cl·) by microwave discharge 2450 MHz products of chlorine molecules (Cl2) 

diluted in helium. The 331 millimetre-wave a-type R-branch transitions have been observed 

with fully resolved fine and partly resolved hyperfine components for N’ ≤ 35, Ka ≤ 6 in the 

ground vibrational state. The small positive inertial defect, ∆0 = 0.03665(3) amu.A2, calculated 

from the rotational constants obtained for CH2I· radical indicates that the radical is planar in 

the ground vibronic state. The observed fine and hyperfine interaction constants are consistent 

with 2B1 symmetry, i.e. with the unpaired electron occupying a pπ, orbital extending 

perpendicular to the molecular plane. 

An experimental set-up for diode-laser infrared spectroscopy was optimized. The molecular 

ion ArD+, CN· radical and molecules C3H4 and OCS were detected and identified. Based on 

the mathematical evaluation of the calculated signal to noise ratios of absorption spectra 

recorded with the use of lock-in detection optimal values of frequency and amplitude 

modulation were found. The sensitivity of the detection method is also discussed in the frame 

of this part as well as an optimization of experimental set up based on the optical path length. 

The concept of the Allan variance has been utilized to test the detection possibilities of two 

powerful experimental methods for trace gas monitoring - the diode-laser and the CO2 laser 

photoacoustic spectroscopy. Detection of stable molecules (C3H4, OCS, CH3OH), and reactive 

unstable species (O3·, CN·, ArD+) have been compared by Allan variance calculations. An 

approach for studies of influence of the reactivity, respectively lifetime on the optimal 

averaging time for the minimum detectable concentration is demonstrated. 

 

 

Keywords 
 

CH2I· radical, millimeter-wave spectroscopy, Allan variance, diode laser spectroscopy, 

photoacoustic spectroscopy, optimal averaging time 

 



                                                                                                             

                                                                                                                               

Anotace 
 

Vůbec poprvé bylo detekováno čistě rotační spektrum monojodomethyl radikálu (CH2I·) 

v plynném skupenství v milimetrové spektrální oblasti použitím frekvenčně modulovaného 

mikrovlnného spektrometru s 2 m absorpční kyvetou. CH2I· radikál byl generován reakcí 

dijodomethanu (CH2I2) nebo jodomethanu (CH3I) s atomárním chlórem (Cl⋅) generovaným 

pomocí mikrovlnného výboje (2450 MHz) ve směsi helia s molekulou chloru (Cl2). Celkem 

bylo identifikováno čistě 331 rotačních přechodů typu a s úplně rozlišenou jemnou a částečně 

rozlišenou hyperjemnou strukturou pro kvantová čísla N’ ≤ 35, Ka ≤ 6 v základním vibračním 

X	2B1 stavu. Z rotačních konstant získaných analýzou spekter radikálu CH2I· byla vypočítána 

malá kladná hodnota odchylky momentů setrvačnosti, ∆0 = 0.03665(3) amu.A2, která 

prokázala rovinnou strukturu tohoto radikálu v základním vibronickém stavu. Vypočítané 

jemné a hyperjemné interakční konstanty potvrdily 2B1 symetrii, tj. výskyt nepárového 

elektronu v pπ orbitalu rozprostírajícího se ve směru kolmém k rovině molekuly. 

Byla zoptimalizována experimentální aparatura pro infračervenou laser-diodovou 

spektroskopii. Metodou infračervené spektroskopie byl identifikován ion ArD+, radikál CN·        

a molekuly OCS a C3H4. Na základě matematického vyhodnocení poměru signálu k šumu         

u změřených záznamů absorpčních spekter byla nalezena optimální hodnota frekvenční              

a amplitudové modulace výboje. V práci je také hodnocena citlivost dané metody pro detekci 

nestabilních částic a diskutována optimalizace experimentálního uspořádání v závislosti na 

velikosti optické dráhy. K testování detekčních možností dvou vybraných experimentálních 

metod pro monitorování stopových množství plynů – laser diodové a CO2 laser fotoakustické 

byl použit koncept Allanových variancí. Na základě vypočtených hodnot Allanových variancí 

byly porovnány výsledky detekce stabilních molekul (C3H4, OCS, CH3OH) a reaktivních  

nestabilních molekul (O3·, CN·, ArD+). V práci je demonstrován vliv reaktivity, respektive 

doby života studovaných systémů na hodnotu optimálního průměrovacího času pro minimální 

detekovatelné koncentrace. 

 

Klí čová slova 
 

radikál CH2I·, milimetrová spektroskopie, Allanovy variance, laser diodová spektroskopie, 

CO2 laser fotoakustická spektroskopie, optimální integrační čas 

 



                                                                                                             

                                                                                                                               

Résumé 
 

Le spectre de rotation pure du radical iodomethyl (radical CH2I·) en phase gazeuse a été 

observé pour la première fois dans la région des ondes millimétriques en utilisant un 

spectromètre micro-ondes avec source à modulation de fréquence pourvu d'une cellule à 

absorption en espace libre d'une longueur de 2 m. Le radical a été généré par la réaction de 

CH3I et CH2I2 avec les produits de Cl2, obtenus dans un dicharge micro-ondes à 2450 MHz. 

Les 331 transitions micro-ondes de type a de la branche R ont été observées pour N’ ≤ 35, Ka 

≤ 6 avec des composantes complètement fines et partiellement hyperfines résolues pour l'état 

X	2B1 vibrationnel fondamental. Le petit défaut positif d'inertie, ∆0 = 0.03665(3) amu.A2, 

calculé à partir des constantes de rotation obtenues indique que le radical est plan dans l'état 

vibronique fondamental. Les constantes d'interaction fine et hyperfine obtenues sont en accord 

avec la symétrie 2B1, e'est-à-dire avec l'électron non apparié occupant une orbitale pπ, 

s'étendant perpendiculairement au plan de la molécule. 

Un dispositif expérimental pour une diode laser par spectroscopie infrarouge a été conçu. L'ion 

moléculaire ArD+, radical CN·, C3H4 et OCS ont été détectés et identifiés. Sur la base de 

l'évaluation mathématique du signal calculée à taux de bruit des spectres d'absorption 

enregistrés à l'utilisation du lock-in d'amplification, les valeurs optimales de la fréquence et la 

modulation d'amplitude ont été trouvées. La sensibilité de la méthode de détection est 

également abordée dans le cadre de cette partie de la thèse de doctorat présentée, ainsi qu'une 

optimisation de dispositif expérimental basé sur le trajet optique. Le concept de la variance 

d'Allan a été utilisé pour tester les possibilités de détection de deux puissantes méthodes 

expérimentales pour la surveillance des gaz de trace - la diode laser et la spectroscopie laser 

CO2 photoacoustique. La détection de molécules stables (C3H4, OCS, CH3OH), et espèces 

réactives instables (O3·, CN·, ArD+) ont été comparées par des calculs de la variance d'Allan. 

Une approche pour l'étude de l'influence de la réactivité, respectivement à vie sur la moyenne 

de temps optimal pour la concentration minimale détectable est démontrée. 

 

Mots clés 

 
radical CH2I·, la spectroscopie millimétriques, la variance d'Allan, la spectroscopie 

laser-diode, la spectroscopie laser CO2 photoacoustique 



                                                                                                             

                                                                                                                               

Preface 

The presented dissertation introduces the results of a joint work between the Laboratoire de 

Laser, Atomes et Molecules (PhLAM), University of Lille 1 in one part and Faculty of safety 

Engineering (FBI), VŠB-Technical University of Ostrava (VŠB TUO) with experimental 

support from the Department of Spectroscopy, J. Heyrovský Institute of Physical Chemistry  

at second part. The main purpose of this cooperation declared by an international agreement 

was to promote the mobility of doctoral students with the purpose to be well established in the 

fields of study of basic and applied research and receive training in spectroscopic techniques 

within the frame of strengthening scientific cooperation between named institutions. 

The general subject of the first part of the dissertation has been to study the role of 

selected reactive unstable molecules in the microwave region of electromagnetic radiation 

with the application in atmospheric chemistry and fire suppression chemistry. The instrument 

used for this purpose was the millimeter-wave spectrometer from University of Lille 1. Results 

of the first part have been summarized in Chapter 1 named:  Millimetre-wave spectroscopy of 

CH2I· radical. My supervisors of first part of dissertation have been prof. Georges Wlodarczak 

and Dr. Stéphane Bailleux. 

The second part of presented dissertation benefits from a well established cooperation 

between the Faculty of Safety Engineering, VŠB-Technical University of Ostrava and the 

Department of Spectroscopy, J. Heyrovský Institute of Physical Chemistry, Academy of 

Sciences of the Czech Republic. The target of the second of dissertation has been focused on 

optimization and stability evaluation of selected instrument designed for detection of stable 

and unstable gases in the infrared region. The method used for the optimization of 

experimental set-up was the Allan variance. My supervisor of second part of dissertation was 

doc. Ing. Zdeněk Zelinger, CSc. 

Both chapters of dissertation are divided into Introduction part in which are sorted the 

information in the context of fire protection and safety and atmospheric chemistry field of 

study. Previous studies part in which problems and an overview and the current status of each 

problem are summarized following by the Aims part for each chapter illustrated its content. 

The work continued with the Experimental part which contains the method to solve the stated 

problems. The analysis of the results is finally presented in Results and discussion part in 

which are stating the new information obtained in the frame of the dissertation. Finally in the 

Conclusion and perspectives part are summarized all the individual results with the 

possibilities of future studies. Results of both chapters are than summarized in the english, 

czech and french languages in the parts called Results of dissertation, Závěr disertační práce, 

Conclusion de Thèse. 
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Chapter 1  

Millimetre-wave spectroscopy of CH2I· radical 
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1 Introduction  

The aim of the introduction part is to present the results on the search of CH2I·
1 radical’s 

interests. The first part is focused on the fire suppression and atmospheric chemistry 

applications. Moreover, there are other applications that are not presented because they are 

beyond the scope of this doctoral thesis, e.g. halogenated synthesis [1].  

1.1 Atmospheric interest  

The chemical interactions of both stratospheric and tropospheric ozone with halogenated 

gases have been a topic of scientific and public interest for more than three decades [2].   

Zonally and monthly averaged measurements [3-8] of the total stratospheric ozone 

concentration decrease in the polar areas can be considered as a finger print evidence of this 

event. 

Nowadays, there is also strong evidence of tropospheric ozone depletion. It has been 

confirmed by several observations in tropic region and midlatitudes that this process correlates 

with concentration of reactive halogen species [8-10]. 
There is number of publications about the ozone destruction mechanisms by 

halogenated species in the atmosphere. In particular, many studies have been devoted on 

fluorine- [11, 12], chlorine- [3, 12-16] and bromine- [9, 12, 17-21] containing compounds.  

The following questions arise consequently: How is the contribution of iodine in the 

ozone depletion processes? The potential atmospheric significance of iodine photochemistry 

could be seemed from physical-chemical properties. Iodine is less tightly bonded than 

bromine, chlorine or fluorine; therefore, relatively less amount of iodine for forming reactive 

iodine substituted compounds it is needed to compare with other halogens. Thus, iodine 

containing species could have very long catalytic cycle [12]. Consequently, iodine atoms are 

considered to be 10 times more effective for stratospheric ozone loss than bromine, and 1000 

times more effective for ozone loss than chlorine and fluorine atoms on atom-per-atom basis 

[2, 8, 18]. 

                                                 
1  In the text of the doctoral thesis (apart from the references) will be for the labeling of reactive atoms and 
molecules used Lewis dot structure, named after Gilbert N. Lewis, who introduced it in his 1916 article: "The 
Atom and the Molecule" in which dots represents an unpaired electron in an outer valence shell of species. For 
example monoiodomethyl radical will be labeled as CH2I· radical. Such labeling is used also by other authors 
[22-23].   
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However, very short tropospheric lifetime of only few days limits the amount of iodine 

reaching the stratosphere [2]. Furthermore, it was found that the iodine self-catalytic cycles 

could be the dominant ozone loss cycles in the troposphere and lower stratosphere [2]. 

The presence of significant amounts of reactive iodine species (iodine oxide, iodine 

dioxide and hydrogen iodine oxide) in the atmosphere has been considered as dominant 

natural molecular sources iodomethane and diiodomethane predominantly released into the 

atmosphere from salt-water by enzymatic processes of macro (seaweeds) and micro 

(phytoplankton) marine algae [24]. The photolysis [25] together and hydrogen abstraction by 

hydroxyl radical or chlorine atoms [26] involving the two uppermost organic iodines found in 

ocean water, CH2I2 and CH3I, lead to the formation of the iodomethyl radical according to the 

reactions in Tab. 1 [2, 8, 18]. Anthropogenic sources of iodine species are believed to be 

negligible in global scale in compared with its natural sources [8]. Two main removal 

processes of iodomethane and diiodomethane are photolysis both leading to CH2I· radical as a 

primary product [27].   
How is the role of CH2I· radical in the ozone depletion processes? It was theoretically 

described [8] and experimentally confirmed that CH2I· radical reacts further with oxygen 

molecule forming iodine monoxide [28] or iodine containing peroxy radicals [29]. All of these 

iodine-containing inorganic species are considered to be effective for lower and upper 

tropospheric ozone depletion [8].  

The oxidation of CH2I· radicals in the troposphere is expected to occur via the initial 

association with O2 leading to ICH2OO radicals, which subsequently follow a degradation 

mechanism in analogy to other halogenated peroxy radicals [8]. 

 

Table 1: Primary reaction of the most abundant iodinated compounds 

Primary reactions 

Reactants  Products 
1CH2I2 + hv → CH2I · + I ·  
2 CH2I2 + Cl· → CH2I · + ICl 
2 CH2I2 + OH· → CH2I · + H2O 
2 CH3I + Cl· → CH2I · + HCl 
2 CH3I + OH· → CH2I · + H2O 

                         1 [25], 2 [26] 

 

For more detail about the tropospheric ozone depletion see the review in Carpenter [8], 

for the further information about the stratospheric ozone depletion see the review in Solomon 

et al. [2].  
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1.2 Fire suppression interest 

Fire extinguishment phenomenon is an interdisciplinary subject related to the principles of 

physics and chemistry of combustion processes comprising e.g. thermodynamics, transport of 

matter, and chemical kinetics, each of which important. While thermodynamics and transport 

phenomena links the initial state to the final, equilibrium, state of reactive system, it doesn't 

tell us through which path, and for how long, such a transformation takes place that is the 

principal role of chemical kinetics [30]. 

From other point of view it is a complex process in which chemical species exist all 

potentially interacting implying that the mapping of the potential interactions using the 

principles of chemical kinetics play crucial role in all extinguishment mechanisms. An 

illustrative example of such process could be made on halogenated halocarbons 

extinguishment mechanism [31]. The fundamental understanding of this mechanisms will lead 

on the specific problems that are of interest linked to CH2I· radical. 

  Based on its physical-chemical mechanisms the effective extinguish compounds are 

divided into "thermal" agents referred to compounds which act simply by extracting heat from 

a flame zone and lowering the temperature to a point where combustion can no longer be 

sustained and "chemical" agents which produce active chemical species which interfere with 

the chain-branching mechanisms required to sustain the combustion [32].    

Recent experimental evidence have led to conclusion that the chemical extinguishment 

is a consequence of the competition between the chain-breaking reactions of reactive species 

(active chain carriers) and inactive species (inhibitors) with the chain-branching reactions of 

reactive species and oxidative species. Such process in which the active chain carriers of the 

reactive species are replaced by inactive halogen species has been called chemical flame 

inhibition [33, 34].  

It was experimentally observed that halogenated hydrocarbons with maximum of four 

carbon atoms (symbol C1-C4) are capable of releasing an effective amount of chemical 

fragments so as to interfere with a chemical chain-branching mechanism responsible for 

propagation of the flame [32, 35, 36]. All provide effective inhibition spread into its intensive 

use for many years. However, nowadays the halogenated hydrocarbons having Ozone 

Depletion Potential2 upper the limit defined by Montreal protocols and its amendments are 

linked to the stratospheric ozone depletion. Consequently, the search for new chemical 

extinguishments has been started. 

                                                 
2  The Ozone Depletion Potential (ODP) of a chemical compound is a relative amount of degradation to 

the ozone layer it can cause with trichlorofluoromethane, CFCl3, being fixed at an ODP of 1.0. 
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A very promising alternative for halogenated hydrocarbons has been considered 

trifluoroiodomethane, CF3I. This compound is a member of CF3X (where X = F, Cl, Br, and I) 

halogen substituted molecules.  The extinguish efficiency of CF3X increase in the range CF3Br 

≥ CF3I > CF3Cl > CF3F
3. The atmospheric live-time of CF3I is less than one day with Ozone 

Depletion Potential less than 10-4 relative to CFCl3 
3 [37]. However, CF3I has performed 

negative cardiac sensitization studies and its use is therefore limited in unoccupied spaces and 

streaming applications [37, 38].  
As an example could be the fire extinguish mechanisms of CH4 by CF3I. We focused 

on CH3I that is formed in the flame via reaction of reactive CH3· radical with I· atom [39]. 

CH3I will be in such case the simple halogen-substituted compound containing a C-I bond. 

CH3I is used as a fire suppressant itself (0.25 time lower inhibition efficiency than CF3I based 

on the burning velocity [36]). There are following recombination reactions of CH3I with 

considered major reactive unstable species in the flame (H·, OH·, O·) that practically influence 

the CH4 by CF3I fire suppression cycles and showing different rate constants in which is CH2I· 

radical primary or secondary product (see Tab. 2). Moreover, the analysis of kinetic 

mechanisms of combustion cycles of C1-C4 hydrocarbons demonstrates that the main 

reactions determining burning velocity seem to be similar for all alkane flames [40]. Methane, 

CH4, could be considered as the simplest hydrocarbon fuel (C1) for alkane flames.  

To summarize the previous observations, from experimental studies of methane flame 

inhibition by both CF3I and CH3I fire suppression mechanisms is CH2I· radical one of the 

primary products of inhibition cycles. By considering the similarity between determined 

burning velocities of C1-C4 alkane flames it could be considered also as a probable fire 

suppression product of C1-C4 hydrocarbons inhibited by iodinated compound [39].  

The following questions arise consequently: what is the meaning of the results 

summarized in Tab. 2 and what is the role of CH2I· radical in iodinated inhibition 

mechanisms?  

There is an experimental evidence of CH3· radical cycle in the fire extinguishes 

mechanisms producing CH2I· radical as a product. Its fundamental combustion behaviors, such 

as speed of decomposition in flame or negative heat of formation are significantly enhanced 

by the weak C-I bond and unpaired electron in the outer valence shell responsible for its high 

reactivity, while the attack at the C-H bond is supposed by mainly electronegative molecules. 

Therefore, of particular interest is its rapid destruction in the radical flame zone. 

 

 

                                                 
3  Comparison based on the mole fraction of H atom concentration for stoichiometric air/fuel mixtures 

with 1 % retardant, at 101325 Pa and 298 K [41]. 
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There are not spectroscopic data of vibrationally or electronically excited states of 

CH2I· radical expected in the flame inhibition and therefore only theoretical calculations of its 

molecular geometry and vibrational frequencies were taken into account when computed its 

thermodynamic and kinetic properties. Furthermore, these computational studies principally 

differ in their results. Therefore it is difficult to evaluate quantitatively or qualitatively the 

contribution of CH2I· radical into individual part or whole process of combustion based on the 

nowadays knowledge of this reactive unstable molecule.  

The difference in these studies implies a barrier to detail understanding of the 

chemistry of iodine-mediated flame suppression with CH3I or CF3I. Consequently, it is 

essential to improve its knowledge through the complicated interactions among the chemical 

suppression effects on flame properties in order to optimize their performance and minimize 

the formation of hazardous combustion by-products by its spectroscopic detection based on 

the prediction from the millimeter-wave high resolution spectroscopy.  

 

Table 2: Recombination reactions of CH3I molecule 
 

                                   Reaction 

Reactants  Products 
Sequence Index 

CH3I + H· → CH3· + HI  Primary 1a     

   → CH2I · + H2 Secondary 1b 

CH3I + OH· → CH2I · + H2O  Primary 2a 

   → CH3· + HOI· Secondary 2b 

CH3I + O· → CH2I · + OH· Primary 3a 

   → CH3· + OI· Secondary 3b 
1a[39T, 42E-45E], 1b[39T], 2a[39T, 46E-49E], 2b[39T], 3a[50E], 3b[50E, 51 E] (E-experimental, T-

theoretical) 
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1.3 Interests conclusion  

A lot of mainly kinetic studies have demonstrated that halons4 fire inhibition and suppression 

mechanisms produce subsequent reactive by-products potentially dangerous for environment 

and human health. These by-products have made the technological fire suppression 

applications of halogen-containing species very limited. Hence, the characterization and 

identification of such reactive species is needed.  

Linked to the fire suppression there have been a lot of experimental and theoretical 

studies, mainly kinetic, showing the importance of reactive halogen species in the atmospheric 

oxidation and the ozone depletion processes as well as in the degradation of stable 

atmospheric species and the marine aerosols formation.  

Through both the fire suppression and the atmospheric studies the importance of 

reactive iodine-containing species, will be deduced. Both interests are linked to the molecular 

spectroscopy in the context of halogen-substituted methyl radicals. Emphasis will be given on 

molecular geometry and electronic distribution properties.  

All of the interests are summarized with depicted role of CH2I· radical providing the 

overview of studies already published. The introduction part is considered as a very basis from 

the presented problematic only entering introductory field. For further studies is in each 

interest part written a number of literature sources.   

The excited-state free CH2I· radical exists in such low concentrations that it is very 

difficult to obtain any information about it. The only means of obtaining information of this 

species have been via the detection of the interactions and intramolecular effects. Based on the 

high-resolution spectroscopic data could be made the accurate prediction for emission or 

absorption spectra in visible region to obtain their heat of formations [39, 42-45]. 

All depicted interests and given examples should help to give an illustration how is the 

high-resolution spectroscopy of reactive iodine-containing species a very fascinating field of 

research and how it can contribute into the individual actual social-economical problems. 

                                                 
4  In the text of the doctoral thesis will be abbreviations and symbols labeled by Italic.  
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2 Previous studies  

Monoiodomethyl radical (CH2I· radical) is a member of halogen-substituted methyl radicals 

denoted CHnX3-n· radicals, where index n = 0-3 and index X = F, Cl, Br, and I. The particular 

features of spectroscopic interests could be deduced in the context of the published 

spectroscopic studies on CHnX3-n· radicals starting from n = 3, i.e. methyl radical (CH3· 

radical), and go on increasing number of substituted halogen atoms.  

There have been several experimental spectroscopic studies on the ground vibronic 

state of CH3· radical in the gas phase [52-54]. The most interesting study was the first 

published from the observation of its vibration modes made by TDLAS over far infrared 

region. Observed spectra were analyzed to obtain the precise values of rotational constants and 

led to conclusion that CH3· radical is planar in the ground vibronic state [53].  

For n = 2, i.e. CH2X· radicals, a number of high resolution millimetre-wave 

spectroscopic studies describing the identification have been reported. The spectral analysis of 

a-type R-branch transitions with resolved fine and hyperfine components provided rotational, 

fine and hyperfine constants and let to the evidence that CH2X· radicals have a planar or 

nearly planar structure and the interactions of un-paired electron influenced the C-X bonding.  

In the case of monofluoromethyl radical (CH2F· radical) the most interesting study was 

that on its vibronic ground and first vibrationally excited state (see Endo et al. [55]). The result 

of this study was quasi-planarity of CH2F· radical, due to the presence of small potential hump 

at the planar configuration. Further pure rotational spectra were studied for monochloromethyl 

radical (CH2Cl· radical) see Endo et al. [56] and Bailleux et al. [57] and for 

monobromomethyl radical (CH2Br· radical) see Bailleux et al. [58-60] both in the 

millimetre-wave region. These systematic studies described the identifications and spectral 

analysis of species in their ground vibronic states and derived the values of inertial defects and 

lists of rotational, fine and hyperfine molecular constants.  

For n = 1 there has been few studies published mainly on X = F i.e. CHF2· [52] and 

CHF3· [61-63] radicals and one ab initio study [64] on CHI2· radical and CHI3· radical 

respectively, all showing that these radicals are not planar in the ground vibronic state.  

For n = 0, i.e. CX3· radicals, in total only two experimental and one ab initio studies 

have been published for CF3· radical [52, 63] and CI3· radical [64], respectively. These studies 

showed non planarity of these species. 

There have been experimental spectroscopic investigations of CH2I· radical by spectroscopy in 

Ar matrices in IR [65-67], photodissociation spectroscopy in UV [25, 68-70], and 

photoelectron (PE) spectroscopy in [26, 71].       
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In 1973 Smith and Andrews [67] published first experimental study on CH2I· radical. CH2I· 

radical was produced by reactions of 7Li, Na and K atoms with diiodomethane molecules 

(CH2I2) diluted in Ar matrix. The spectroscopic results of this study were assignments of the 

symmetric H-C-H bend (ν3 = 1331.5 cm-1), the symmetric C-I stretch (ν2 = 611.2 cm-1), and 

the out of plane hydrogen bend (ν6 = 374.9 cm-1). Determined C-I force constant (2.81 ± 0.084 

mdyn/Å) was of high magnitude to compare with other iodine containing molecules and 

radicals. The electronic stabilization on the C-I bond was suggested to π-bonding formation5 

similarly like in other CH2X· radicals following the trend of decreasing magnitude of C-X 

bond with increasing atomic weight of halogen atoms [65-67].   
CH2I· radical has been published as a by-product of the photodissociation studies on 

CH2I2 [68-70] and CH3I [25]. Kawasaki et al. [68]  and Kroeger et al. [69] found that lower 

lying excited states of diiodomethane dissociate on linearly polarized ultraviolet light to give 

the iodine atoms and CH2I· radical. Baughcum and Leone [25] have later detected infrared 

spectra in emission of vibrationally excited CH2I· in the gas phase produced by the photolysis 

of CH2I2 at 248 nm. 

Furthermore, some substantial attention has been paid to the kinetics of the reactions of 

halogen atoms with the mono- and di-substituted halomethanes. Andrews et al. [71] published 

the possibilities of CH2I· radical production by hydrogen abstraction of CH3I and by iodine 

abstraction of CH2I2 by fluorine atoms (generated by 2450 MHz microwave discharge from 5 

% F2/He mixture).  

Kambanis et al. [26] later published other possibilities of CH2I· radical gas-phase 

production reaction by hydrogen abstraction of CH3I and iodine abstraction of CH2I2 with 

chlorine atoms (produced by 2450 MHz microwave discharge in 5 % Cl2/He mixture).  

Two years later Kambanis et al. [72] investigate the absolute reaction rate of chlorine 

atoms with chloroiodomethane (CH2ICl) with CH2I· radical as a secondary product. 

Lazarou et al. [74] studied absolute rate coefficient and reaction mechanism for the 

reaction of Cl atoms with CH2I2 and the oxidation mechanism of CH2I· radical. 

Beside the published articles on the experimental studies ab initio structural 

calculations of this radical at various levels of theory have been reported [64, 75, 76]. 
 First ab initio study on CH2I· radical was carried out by Seetula [75] in 2002. The 

structural parameters and molecular constants were calculated by applying the Second–order 

Møller-Plesset perturbation theory: MP2(fc)/6-311G(df)//MP2(fc)/6-311(df) level of theory. 

                                                 
5  The valence electrons of conjugated systems fall into two classes: σ electrons and π electrons. The σ 
electrons are assumed to be strongly localized in individual bonds and described by orbital of σ type symmetry 
(using the notation of linear molecules). They normally don't participate in those chemical reactions which do not 
involve bond breaking and they are regarded as relatively unreactive. The π electrons, on the other hand, are 
highly delocalized over the carbon framework and play an important role in all reactions [73]. 



Chapter 1                                                                                                           Previous studies 

                                                                                                                           9 

The ab initio obtained results was experimentally supported by the reaction of CH2I· radical 

with the hydrogen bromine (HBr). 

Two years later other theoretical ab initio study has been published by Dymov et al. 

[64]. They calculated equilibrium geometries of CHnI3-n· radicals, where index n = 1 - 3) by 

using the Unrestricted Hartree-Fock: UHF//(5D,7F) level of theory. Calculated molecular 

parameters are shown in Tab. 13.  

Odelius et al. [77] studied photodissociation of CH2I2 in acetonitrile (CH3CN) solution 

and fragment recombination into iso-diiodomethane (CH2I-I). They computed using restricted 

open-shell Kohn-Sham density functional method the molecular parameters summarized in 

Tab. 13. 

Later Marshall et al. [78] published the computational study of the thermochemistry of 

bromine- and iodine-containing methanes and methyl radicals. They compute the structural 

parameters of CH2I· radical by QCISD/6-311G(d,p) level of theory. 

  The last ab initio study was carried out by Liu et al. [76]. In this theoretical study was 

investigated photodissociation of bromoiodomethane (CH2IBr) using Second–order Complete 

Active Space Perturbation Theory (CASPT2). The calculated results of this theoretical study 

are summarized in Tab. 13. 
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2.1 Previous studies conclusion 

Based on the results of presented spectroscopic studies we can conclude that CHnX3-n· radical's 

molecular structure is being changed from planar (n = 3) to non-planar (n = 0) on increasing 

substituted halogen atoms number [53, 55-58, 60]. Such a characteristic difference in the 

molecular structure could be understood as a change in the degree of valence electron 

delocalisation from carbon atom to more electronegative halogen atom due to the different 

electronegativity of the carbon and halogen atoms [59]. Consequently, the unpaired electron 

spatial distribution should be investigated based on the comparison of molecular constants. 

From the results on the planarity of CH2X· radical's molecular structures could be further 

deduced that CH2I· radical has most probably the planar structure in its vibronic ground state. 

Electronic spatial distribution influences strongly the chemical-physical properties as e.g. the 

reactivity (interaction of molecule with their surroundings).  

There have not been yet published gas phase spectroscopic studies on CH2I· radical. 

Three different possible production ways of CH2I· radical were found the hydrogen abstraction 

of CH3I and the iodine abstraction of CH2I2 by using F· or Cl· atoms generated by 2450 MHz 

microwave discharge. According to the high resolution millimeter-wave (MMW) study of 

Bailleux et al. [58] published on CH2Br· will be for further presented millimeter-wave 

experiment used the hydrogen abstraction from CH3I or alternatively the iodine abstraction 

from CH2I2 by chlorine atoms. In both abstraction reactions will be the molecular chlorine 

diluted with helium (5%) was used as a source for atomic chlorine produced in a 2450 MHz 

microwave discharge using an Evenson-type microwave cavity.    

The experimental spectroscopic studies suggested the CH2I· radical as a planar 

molecule having p-π bond between the C-I. These studies also suggest the location of the 

unpaired electron primarily on the carbon atom. Both suggestions are further discussed on the 

base of molecular constants derived from the presented millimeter-wave study..  

The interpretation of the results on molecular constants is that the rotational constants 

magnitude evidently varies. Therefore, the best consecution is to describe them by using the 

interval values. So, the A rotation constant value as a result of the previous studies varies in 

the interval values from 274488 MHz to 281327 MHz, similarly B rotation constant value 

varies from 7959 MHz to 8838 MHz and finally the C rotation constant value varies from 

7735 MHz to 8153 MHz. 

Finally, because of relatively different results in ab initio studies were for prediction of 

rotational transitions of used CH2I· radical the values from [79]. They obtained the following 

bond lengths and angle: r(C-H) = 1.078 Å, r(C-I) = 2.050 Å and ∠HCI = 118.46 DEG. 
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3 Aims 

Based on Part 2.1 - "Previous studies conclusion" were defined following aims: 
 

1 Description of CH2I· radical's spectra in terms of molecular symmetry point group 

classification, statistical weights of nuclear spin, the rotational energy levels, and the 

selection rules for analysis of the spectra. 

2 CH2I· radical production, detection, identification with gas phase millimetre-wave 

spectrometry as an experimental technique and numerical analysis of the results. 

3 Presentation of the results on CH2I· radical millimeter wave detection and discussion of 

the results of analysis in terms of planarity, molecular structure, and electronic 

structure. 

4 Conclusion and perspectives for further studies. 
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4 Rotational structure  

The results of the experimental part will be the high resolution pure rotation spectra. The 

CH2I· radical spectrum is complicated not only by the irregular distribution of energy levels, 

but also because the selection rules and transition probabilities between these levels are more 

complex than in the case of linear molecule or symmetric top molecules. The particular 

features of CH2I· radical spectra will be described in terms of molecular symmetry point group 

classification, statistical weights of nuclear spin, the rotational energy levels, and the selection 

rules, in conjunction with the previous ab initio studies. The prediction of CH2I· radical 

rotation spectra is described in detail in [102].  

4.1 Symmetry considerations  

 

 

 

 

 

 

 

 

 

 

Figure 1: CH2I· radical with denoted symmetry elements  
 
 

In Fig. 1 plane σab includes hydrogen atoms, iodine atom, and carbon atom and is parallel to a 

axis of symmetry. The principal axes of inertia (red color) are in the molecular fixed 

coordinate system (having origin in the molecules center of mass) and Ir representation (z = a, 

x = b, y = c) labeled as a (axes with least moment of inertia), b (axes with intermediate 

moment of inertia), and c (axes with greatest moment of inertia) by convention of decreasing 

rotational constants magnitude in order A > B > C, where A = h/8π2 Ia, B = h/8π2 Ib, C = h/8π2 

Ic, and Ia ≤ Ib ≤ Ic.   

σac 

C I 

H 

H 

C2 
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The equilibrium molecular structure of CH2I· radical's vibronic ground state in the molecular 

fixed axes system has four symmetry elements6: two-fold axis of symmetry (C2), two vertical 

planes (σab and σac) and the identity (E) (see Fig. 1). The two-fold axis of symmetry and two 

vertical planes of symmetry are together with the identity element, E the characters of the C2v 

point group of symmetry (see Tab. 3). 

CH2I· radical has a permanent dipole moment if any of the translational symmetry 

elements of the C2v point group is totally symmetric. The dipole moment is a vector quantity 

(has magnitude and direction). By looking to the point group character (see Tab. 3) to see if 

any of the translational symmetry elements (T) is totally symmetric, it is apparent that the 

CH2I· radical belonging to the C2v point group of symmetry has a non-zero permanent dipole 

moment vector component µa along a axes of symmetry. Consequently, because the dipole 

moment is a measure of the charge asymmetry and the charge asymmetry can be associated 

with a particular bond in a molecule (called a bond moment) from Fig. 1 could be deduced that 

for bonds involving in CH2I· radical is dominated the bond moment of the C-I bond (directed 

towards the iodine atom).  

 
Table 3: The characters table of the C2v point group of symmetry 

C2v E C2 σσσσab σσσσac Rotation Translation µ 

A1 1 1 1 1  Ta µa 

A2 1 1    -1      -1 Ra   

B1 1    -1    -1 1 Rb Tc µc 

B2 1    -1 1      -1 Rc Tb µb 
 

In the first column of the Tab. 3 are the vibrational types labeled by symbols A1, A2, 

B1, and B2 by convention (Hollas, p. 193-196) [80]. In the head of the table are the symmetry 

operations (E, C2, σab, σac). Characters 1 and -1 labeled the symmetric or the antisymmetric 

vibrational type of the individual symmetry operation. 

Molecular symmetry denoted by Fig. 1 might be used to evaluate when CH2I· radical's 

molecule has a non-zero electric dipole moment7 that is in the first approximation the 

condition for observation of CH2I· radical's spectral transitions.  

                                                 
6  The formalism of the symmetry elements could be listed elsewhere, the author use [81]. 
 
7  The dipole moment of a molecule is a measure of the charge asymmetry and is usually denoted by the 
symbol µ (vector symbol) or alternatively µ (magnitude symbol). The magnitude µ of a dipole moment is usually 
quoted in Debye units (symbol D) or sometimes in C.m units, where 1 D ≅ 3.33564 x 10-30 C.m (Hollas, p.97-99) 
[80]. Quantitatively, using the value from ab initio calculation [79], the dipole moment magnitude of CH2I· 
radical is approximately 0.8 D (≅ 2.668512 x 10-30 C.m). 
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4.1.1 Symmetry of the Total Wave Function 

All atomic particles that create molecules have a particular "spin," in the approximation 

analogous to the classical rotation of the Earth about its axis. But compare to classical 

approximation, quantum mechanics underlying that atomic spin itself is complex and still 

poorly understood quantity. Yet, the statistics associated with it have vast practical importance 

to the topics such as statistics of the molecular transitions [82].  

 When effects of the nuclear spin are included the total molecular wave function (ΨT) 

for molecule may be conventionally written: 

 

                                                   ΨT = ΨE + ΨV + ΨR + ΨS                                                      (3-1) 

 

ΨE is electronic wave function, ΨV is vibrational wave function, ΨR is rotational wave 

function, and ΨS is nuclear spin wave function.  

 
For any molecule containing two or more identical nuclei having the value of nuclear 

spin I = n + 1/2, where n is zero or integer, exchange of any two of them results in a change of 

sign of the total wave function ΨT which is said to be antisymmetric to the nuclear exchange 

(Eq. 3-1). In addition, the nuclei are said to be Fermi particles (or fermions) and obey 

Fermi-Dirac statistics.  

 
                                                              (12)ΨT = -ΨT                                                            (3-2) 

 

On the other hand, if the value of nuclear spin I = n, where n is zero or integer, ΨT is 

symmetric to the nuclear exchange (Eq. 3-2), and the nuclei are said to be Bose particles (or 

bosons) and obey Fermi-Dirac statistics.  

 
                                                              (12)ΨT = +ΨT                                                           (3-3) 

 

These rules regarding the behavior of the total wave function on exchange of identical 

nuclei follow from the generalized form of the Pauli principle, which states that the total wave 

function must be antisymmetric to the exchange of any kind of identical fermions and 

symmetric to the exchange of identical bosons [80].     

Now might be considered the consequences of these rules for the total wave function 

of CH2I· radical in the vibronic ground state (in which ГV = A1 and ГE = 2·B2). 
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4.1.2 Rotational Wave Function  

The rotational energy levels and the rotational wave function of CH2I· radical are the linear 

combination8 of rotational wave functions of prolate and oblate symmetric top.  

The degree of asymmetry of CH2I· radical could be evaluated by the value of Ray’s 

asymmetry parameter κ9 [83]. 

 

                                                    κ = (2·B - A - C) / (A - C)                                               (3-4)  

 

CH2I· radical with k ~ - 0.998 can be classified as a nearly prolate asymmetric top molecule10 , 

for which B → C ⇒ Ib → Ic. 

The symmetry of representations of rotational wave functions depends on the 

combinations of even (symbol e) and odd (symbol o) Ka and Kc quantum numbers. Thus, using 

these quantum numbers the rotational energy levels could be classified by different irreducible 

representations of the C2v point group of symmetry see Tab. 4  

 
Table 4: Symmetry of CH2I· radical rotational wave function 

Ka K c ГR 

e e A1 

e o A2 

o e B2 

o o B1 
Ka = |ka|, Kc = |kc| [84] 

                                                 
8  For such rotational energy levels are used instead of K that is no further "good" quantum number, 
rotation pseudo-quantum numbers ka (for prolate rotor wave function) and kc (for oblate rotor wave function). 
CH2I· radical is the molecules with none zero electron spin angular momentum due to an unpaired electron and 
therefore, the quantum number N, rather than J, distinguishes the rotational levels. Consequently, its rotational 
energy levels are labeled as NKaKc.  
 
9  Quantity used for evaluation of symmetry in asymmetric top molecules. The value of Ray’s asymmetry 
parameter k can vary from the value of k = -1 for a prolate symmetric top (B = C, e.g. CH3I) to the value of k = 1 
for an oblate symmetric top (B = A, e.g. C2H6), with k = 0 being the "most" asymmetric when B is halfway 
between A and C [83]. For CH2I· radical with the values of A, B, and C rotational constants taken from [79] is k ~ 
- 0.998 (close to -1).  
 
10   There is other alternative parameter bP especially appropriate for slightly asymmetric prolate top 
defined by bP = (C - B) / (2·A - B -C) and is related to the Ray’s asymmetry parameter k by relation bP = (κ + 1) / 
(κ - 3). Where bP = 0 for a prolate symmetric top, and increases in size till bp = -1 for an oblate symmetric top, 
with bp= -1/3 corresponding to the maximum degree of asymmetry. For CH2I· radical with the values of A, B, and 
C rotational constants taken from [79] is bP ~ - 0.0005 (value close to the zero). 
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4.1.3 Nuclear Spin Wave Function 

In CH2I· radical's molecule is one iodine nuclei that possesses the nuclear spin II = 5/2, and 

there are also two identical hydrogen nuclei possess the nuclear spin IH = 1/2 [80].  

Because of the two identical hydrogen nuclei, we have to consider the Pauli Exclusion 

Principle in the determination of nuclear spin statistical weights. It state that exchange of 

these two identical hydrogen nuclei with the half-integer nuclear spin quantum numbers which 

are equidistant from the centre of CH2I· radicals molecule results in a change of sign of ΨT 

which is then said to be antisymmetric to nuclear exchange. Moreover, the nuclei are said to 

be Fermi particles (or fermions) and obey the Fermi-Dirac statistics (Eq. 3-2).  (12)ΨT = -ΨT 

for even states is always antisymmetric, therefore, the Ka quantum numbers are associated 

with even Ka states and the symmetric with odd Ka states.  

Interchange between the symmetric and antisymmetric state is forbidden, so that both 

hydrogen nuclei can be regarded as consisting of two distinct forms: para-hydrogen with ΨNS 

antisymmetric and with what is commonly reffered to as antiparallel nuclear spins and I(H) = 

0 and ortho-hydrogen with ΨNS symmetric and parallel nuclear spins and I(H) = 1, where I(H) 

is total proton nuclear spin angular momentum.                                                  

 

Table 5: Proton spin functions for two identical hydrogen nuclei. 

C2v E C2 σσσσab σσσσac ГS
(H

1
, H

2
) 

αα 1 1 1 1 A1 

αβ, βα 2 0 0 2 A1 ⊕ B1 

ββ 1 1 1 1 A1 
 

The symmetry of the total proton nuclear spin function ГS
(H

1
, H

2
) is 3·A1 ⊕ B1 giving 

different nuclei positions and slightly different energies with different proton nuclear spin 

wave functions under the Pauli exclusion principle. All these proton nuclear spin wave 

functions must be further combined with the six iodine nuclear spin wave functions give the 

total nuclear spin function of the CH2I· radical see Tab. 5. 
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4.1.4 Total Wave Function 

The number of magnetic momentum positions i.e. multiplicity might be quantified by 

expressions [85]:  

 

 (2·IH + 1)2 = (2·1/2 + 1)2 = 4                     (3-5) 

 
 

 (2·II + 1) = 2·5/2 + 1 = 6              (3-6) 
 

 

 (2·S + 1) = 2·1/2 + 1 = 2              (3-7)  

 

The total multiplicity is therefore the product of spin multiplicity of hydrogen atoms, 

spin multiplicity of iodine atom and electron spin multiplicity. 

 

(2·IH + 1)2 · (2·II + 1) · (2·S + 1) = (2·1/2 + 1)2 · (2·5/2 + 1) · (2·1/2 + 1) = 4·6·2 = 48 

 

The number of the total angular momentum of hydrogen nuclei is 4 (see Eq. 3-5) and 

the total angular momentum of the iodine nuclei is 6 (see Eq. 3-6) and multiplied by the two 

possible orientations of electron angular momentum give in total 48 wave functions. 

Therefore, including the Pauli Exclusion Principle, each structural pattern is being consisted 

of 36 or 12 discrete patterns depends on the even and odd values of Ka and Kc (statistical 

weight g). 

Because of the non resolved hyperfine structure due to the hydrogen atoms only partly 

resolved hyperfine structure due to the spin of iodine atom may be observed. Some of the 

transitions appeared as fully resolved sextets, but majority of the transitions appeared as partly 

resolved doublets or triplets, sometimes as singlets (see App. VI). 

 
Table 6: Symmetry of the total wave function of the CH2I· radical 

Ka K c ГE ГV ГR ГS ГTOT g 

e e 2B2 A1 A1 18A1 B2 36 

e o 2B2 A1 A2 18A1 B1 36 

o e 2B2 A1 B2 6B1 B1 12 

o o 2B2 A1 B1 6B1 B2 12 



Chapter 1                                                                                                   Rotational structure 

                                                                                                                           18 

4.2 Selection rules    

The spectra of the molecules in the millimitre-wave region (with some exceptions) are 

obtained by the interaction of an electric component of the electromagnetic radiation with the 

electric dipole momentum of the molecule. Therefore in the first approximation the existence 

of permanent electric dipole in the molecule is the necessary condition for observation of pure 

rotation transitions. 

There are further selection rules for asymmetric top molecule describing the possible 

quantum differences. 
 

                                                     ∆N = ∆J = ∆F = ∆F1 = 0, ± 1                                (3-8) 

 

Furthermore, for the asymmetric top molecules there are three possible types                  

of rotational transitions: a-type transition, b-type transition and c-type transition that depend 

on the dipole moment of the molecule. An arbitrary dipole moment of the molecule has three 

dipole moment components which are in the literature denoted as µa, µb, and µc representing the 

projections along a, b and c axis of symmetry [85]. Due to the different direction of the dipole 

moment components could be possible only certain rotation transitions. In the case of CH2I· 

radical is µa ≠ 0 which is lying in the direction of the axis with the lowest moment of inertia 

(axis a in the Fig. 1). Therefore, the CH2I· radical will make the a-type spectrum transitions. 

At the same time apply, if µa ≠ 0 and µb = µc = 0, then CH2I· radical obey a-type selection rules 

[85]. These a-type selection rules for CH2I· radical are: 

 

                                                         ∆ka = ± 0, ± 2, ± 4, …,                                                  (3-9) 

 

                                                         ∆kc = ± 1, ± 3, ± 5, …,                                                (3-10) 

 

                                                           ka + kc = N                              (3-11) 

 

                                                           ka + kc = N + 1                                                           (3-12)
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4.3 Prediction  

CH2I· radical is an asymmetric top. Because of the high complexity of the spectra of an 

asymmetric top, prediction of their rotational transitions can be very difficult. In the 

investigation of CH2I· radical it is possible to obtain an initial set of structural parameters from 

similar molecules, or other studies. 

The results of the search on the values of rotational constants were described in the 

Part 2. Because of the disparity in the ab initio results the rotational constants from [79] was 

finally used. The prediction including the rotational, fine and hyperfine structure were carried 

out using the Pickett's program SPFIT [86]. 

The approximate proportion of expected rotational energy magnitude in the CH2I· 

radical molecule and the energy of perturbations caused by the fine and hyperfine interactions 

were scaled from the CH2X· radicals Part 2 [57].  

From [53, 55-58, 60] could be deduced that the highest magnitude from the fine 

interactions exhibit the electron spin-rotational interaction caused by the interaction of spin 

angular momentum with the magnetic field from the rotation of the molecule. The highest 

magnitude of the hyperfine perturbations show nuclear electric quadrupole interaction caused 

by the different orientations of the electric quadrupole moment of the nuclei with the spin of at 

least one in the inner molecular electric field. From the hyperfine interactions due to the 

nuclear spin of iodine should be considered also fermi-contact interaction and magnetic 

dipole-dipole interaction. 

Assuming the planar structure, the non-zero component of dipole moment of CH2I· 

radical should lies along the C2v symmetry axis, which is the axis with the least moment of 

inertia. The rotational spectrum should hence display the characteristic a-type pattern of a 

slightly asymmetric prolate rotor (see Symmetry point group of CH2I· radical). 

In addition, owing the electron spin-rotation interaction, each rotational level is split 

into two, leading to a fine structure in the spectrum further interrupted by hyperfine 

perturbation.  

 As the first estimate the values of electron spin-interaction constants together with the 

predictions of the hyperfine coupling constants due to the nuclear spin of both protons were 

used for prediction from the results on CH2Br· radical [60]. Values for the hyperfine constants 

arising from the nuclear spin of iodine were predict empirically by using the results of studies 

on CH2X· radicals (for details see [102]). 
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5 Experiment 

In following chapter is described used experimental set-up for millimetre-wave detection 

together with the suitable techniques for production of CH2I· radical in the gas phase. Gas 

phase millimetre-wave spectrometry is an experimental technique that has some individual 

characteristics which require the very high resolution. Hence it is essential to use the high 

monochromatic sources of radiation with frequency calibration provided by the frequency 

stabilisation set-up. The millimetre-wave frequency domain also requires high sensitivity 

especially in the case if detected the lower molecular weight open shell species. This could be 

successfully achieved by the frequency modulation, phase sensitive lock-in detection 

combined with the hot electron bolometer detection.  

To find the optimal precursor’s concentration, the most sensitive experimental 

conditions effective for detection are needed and to keep them during the measuring process 

may not be without difficulties. This points to find the way to a sustainable production 

technique. This is the reason, while the measurements have been done in the fast flow control 

regime.  

It is to be noted that the most important production reactions of CH2I· radical were 

provided by subsequent reactions involving release how stable thus reactive by-products, 

influenced the identification and analysis. Thus, beyond the special detection techniques the 

pollution (or contaminant) management of by-products is needed. This could be effectively 

achieved by liquid nitrogen cooling that as will be seem later improves the detection 

significantly.  

Spectrometry for gas phase analysis also includes its high selectivity when operated at 

low pressure, therefore, is also described pump system that is usually in literature less 

pronounced. The working pressure can be readily achieved with a modest combination of 

rotary pump with diffusion pump and thereby support the sensitivity for laboratory 

application.  
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5.1 Experim ental set-up 

The main parts of the millimetre-wave spectrometer were: a generator of millimetre-wave 

radiation a frequency control set-up (generator itself is not stable in time), an absorption cell, 

and a hot electron bolometer combined with a phase sensitive lock-in amplifier, all of which 

with the accessories controlled by the personal computer. Information about used set-up could 

be further listed in [87, 88].  

Carcinotrons: 

The principal role of used carcinotrons was to produce the monochromatic linearly polarized 

phase coherent millimetre-wave radiation in the frequency range 200-610 GHz. They transfer 

the energy to the electron beam, effectively modulating it, and they give rise to a propagating 

millimetre-wave field coupled into the output waveguide structure. The beam was focused by 

magnetic field, and the beam current was maintained with an anode collector potential 

difference approximately in order of kV. The drawbacks of such devices are the cost, size, 

weight and intrinsic safety requirements (the last aspect is not trivial because of the high 

voltage ~ kV is applied). More detail information about the back-ward wave oscillators could 

be listed in the literature [90-92]. In order to be effectively stabilized were the used 

carcinotrons fixed to the 10 MHz internal frequency of the synthesizer that has higher 

frequency accuracy using the phase-lock loop system.  
Absorption cell: 

In the described experiment absorption cell in Pyrex®11 was used with the 2 m long optical 

path length. At the one end of the absorption cell a vertical Pyrex crosspiece was used to 

connect to diffusion pump below the cell and to a pressure gauge mounted above the cell. At 

the other end, a horizontal Pyrex crosspiece was used to introduce chemicals for CH2I· radical 

generation, i.e. iodomethane, CH3I, or diiodomethane, CH2I2, vapors and chlorine atoms 

separately. This arrangement allowed in situ production of the CH2I· radical's species. The 

outer end of each crosspiece was sealed by a Teflon window mounted at Brewster angle in 

order to improve transmission and sensitivity. The next use of Teflon was to reduce the effect 

of the standing waves. More detail information about absorption cell could be listed in the 

literature [57-59]. 

 

 

                                                 
11  Pyrex® is according to the National Institute of Standards and Technology, borosilicate glass composed 
of (as percentage of weight): 4% boron, 54% oxygen, 3% sodium, 1% aluminium, 38% silicon, and less than 1% 
potassium. Its linear thermal expansion coefficients α is 3 x 10-6 K-1. 
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Hot electron bolometer: 

As an active sensor of used hot electron bolometer was mounted crystal element (undoped n-

type InSb lattice) of define resistivity. Geometrically it is a square of side approximately 5 mm 

which is mounted on a quartz substrate. Its toaster like geometry presents maximum detection 

area to the incoming signal. The filtered electromagnetic radiation was absorbed by the InSb 

lattice. The substrate is wedged, in order to avoid interference effects which may cause 

variations in spectral responsivity and thermally anchored to the surface of its mount. 

Absorption of radiation by free carrier electrons results in a rise in their mean temperature 

away from and above that of the host InSb crystal lattice. This change in electron mobility is 

detectable as a change in the impedance of the crystal, which is by applied bias current 

transformed into the voltage change further used. The low effective mass of the carriers 

provides for a relatively fast detection mechanism. At 4.2 K the relaxation timescale is of 

order 0.3 µs, corresponding to a -3 dB instantaneous bandwidth of approximately 1 MHz. 

Thus this type of detector offers both sensitive and fast detection over the millimeter-wave 

range. The liquid helium, LHe, holding time was approximately 27 days and was adjusted by 

liquid nitrogen, LN2. More detail information about the hot electron bolometer could be listed 

in the literature (Adler, p. 57-58) [93]. 

Phase-sensitive Lock-In Amplifier: 

Because of the very weak radical intensities, frequency modulation was used with the second 

harmonic lock-in detection. All the rotational lines were measured using 42 kHz sinusoidal 

source frequency modulation combined with the phase sensitive detection. This modulation 

makes possible numerical evaluation of very weak absorption and overlapping lines. Lock-in 

amplifier (Stanford Research Systems, model SR830) use a technique known as phase-

sensitive detection to single out the component of the signal at a specific reference frequency 

and phase. Noise signals at frequencies other than the reference frequency are rejected and 

therefore, do not affect the measurement. A lock-in amplifier requires a reference oscillator 

phase-locked to the signal frequency. In general, this is accomplished by phase-locking an 

internal oscillator to an externally provided reference signal. The resulted signal from the 

lock-in detection has typical second-derivative lineshape (see App.VI). More detail 

information about the lock-in detection and frequency modulation including the deformation 

of the lineshape could be listed in the literature (Adler, p. 52-55 and 68-70) [93]. 

Rotary and Diffusion Pumps: 

The principal role of the used pump set-up was to create a suitable vacuum. In order to that we 

need to remove the molecules that make up the atmosphere (mostly nitrogen, oxygen carbon 

dioxide, but also other contaminants).  
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Subsequently during the measurement also to remove the exhaustion of not react molecules of 

precursor and other secondary products from the cell (see Tab. 8-11). All the measurements 

have been therefore done in the fast flow regime. Removal of such molecules continues until 

the desired base level of vacuum was obtained (∼ 10-2 Pa).   

The used pump set-up consists of rotation pump (model 2033 C2, Alcatel Vacuum 

Products, Inc.), diffusion pump (model EO4K, Edwards Ltd.) and necessary accessories for 

pumps operation (Oil, Reducers, Nipples, Toggle Clamps, and Hoses). 

For the purpose we have used the rotation pump with fluoropolymer seals, hard 

coatings, oil case purge, an inert gas ballast connection, and an oil case bubbler to achieve the 

highest protection against corrosive gasses combined with the oil mist eliminator (model OME 

40 C2, Alcatel Vacuum Products, Inc.) that makes the pumping system suitable for corrosive 

gas applications involving e.g. chlorinated gases.   

In order to achieve higher level vacuum necessary for present experiment we use the 

diffusion pump connected serial to the rotation pump. In a vacuum diffusion pump, 

specialized low vapor pressure oil (e.g. Dow Corning or Neyco pump oil) capture molecules, 

which are continuously removed by the fore pump to create a usable vacuum down. Used 

diffusion pump has typical bulbous shape body helps to create superior throughput (a measure 

of the quantity of gas per unit time that can flow through the pump). 

The important experimental quantities during our measurement were the absolute 

pressure (in the order typical for high vacuum region) measured after the evacuation of the 

absorption cell together with the relative pressure of used precursors measured during the 

experiment.  

The values of pressure has been measured in situ by the pressure operating set-up consists of 

two main devices pressure active sensor12 (model CTR 91, Oerlikon Leybold Vacuum 

GmbH), and operating unit13 (type CENTER TWO, Oerlikon Leybold Vacuum GmbH). 

Data acquisition: 

The used millimeter-wave spectrometer set-up was controlled by a computer program written 

in the LabVIEW development environment (National Instruments). The application program 

interface makes possible to adjust, set and monitor measured parameters, starting with the 

value of frequency modulation, the frequency step, the depth of modulation, the time constant, 

harmonic frequency. The data acquisition also allowed to sample (in given measured time with 

given points number), convert ("analog to digital" signal values) and collect the measured 

second harmonic data from lock-in detection for further non linear analysis.  

                                                 
12  Active Sensor with its diaphragm made of pure aluminum oxide ceramics (part that is in contact with  

               the measured medium) offers excellent accuracy and reproducibility for our type of experiment. 
13  Reaction time lower than 30 ms 
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Figure 2: Up and down scans of CH2I· radical transition 

 
In Fig. 2 is an example of hyperfine structure component owing to the iodine nuclear spin in 

the N = 25 ← 24, Ka = 4, J = 24.5 ← 23.5 millimetre-wave transition of CH2I· radical 

obtained by iodine abstraction from CH2I2: recorded spectra (blue and red) of the individual 

line profile of up and down scan was deconvoluted by nonlinear function with computer 

program IgorPro (WaveMetrics, Inc.). The F1 = J + I(I) quantum number is indicated above 

the line. The spectrum was recorded by integrating 20 scans with a repetition rate of 1 Hz and 

with a lock-in amplifier time constant of 10 ms. 
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5.2 Production mechanism  

The already described [60] single-pass absorption cell was adopted for CH2I· radical 

production. CH2I· radical production mechanism with the liquid nitrogen cooling technique is 

schematically shown in Fig. 3.  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 

Figure 3: Scheme of the used absorption cell adapted for CH2I· radical production 

 
From [26, 70] it was already know how to generate CH2I· radical. The suitable chemical 

reactions for experimental generation were used as described in the literature [26, 70]. Thus, 

according to this studies, CH2I· radical was generated in the fast flow regime in absorption cell 

separately by the hydrogen abstraction of iodomethane molecules, CH3I, or by the iodine 

abstraction of diiodomethane molecules (CH2I2) by chlorine atoms (Cl·). 
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Table 7: Chemicals used for experimental generation of CH2I· radical 

 
Chemical Mark Purity Partial pressure 

CH2I2 Sigma-Aldrich 99.000 % 0.15 Pa 

CH3I Sigma-Aldrich 99.500 % 0.30 Pa 

Cl2/He Alpha Gaz   0.005 % 0.25-0.35 Pa 
  

The total pressure was in range 0.7 – 0.8 Pa. Both iodomethane and diiodomethane are liquid at 

room temperature (their melting points are 6 °C for iodomethane and -66.45 °C for 

diiodomethane at 101325 Pa respectively). Their chromophore character (substituted halogens) 

involved kept them in the dark glass containers and the corresponding side arms and part of the 

cell where the reaction with chlorine proceed were kept in the darkness in order to overcome 

earlier degradation (see Fig. 3). Due to the low vapour pressure of diiodomethane of 

approximately 113 Pa at 20 °C (that of iodomethane is about 500 times higher at given 

conditions) the container was during the measurement heated to approximately 50 ºC.  
 

  

 

 

 

 

 

  

Figure 4: Photo (left) and scheme (right) of the used (1) discharge cell (2) tuning stubs 
 

Chlorine atoms were generated by discharge-induced partioning [94]. There were published 

several works described the possibilities of microwave discharge instrumentation [95-100]. In 

presented experiment it has been generated in a small quartz tube (length 0.2 m, wide 0.0135 

m) placed at the entrance of the absorption cell crosspiece surrounded by air cooled Evenson 

type cavity [101] fed by radiation from a magnetron operating at 2450 MHz. The power of the 

microwave discharge was tuned by changing the space geometry using the tuning stubs and 

kept as low as possible at approximate value 20 W (see Fig. 3-4). We also unsuccessfully tried 

to obtain this transient molecule by a DC discharge. The molecule seems to be too fragile to 

generate by such severe methods as discharge. 
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The precursor gases were separately introduced into the absorption cell via two parallel side 

arms, and were mixed upstream of the free space cell with the generated chlorine molecules 

(see Fig. 3). The optimal sample pressures were measured at room temperature and are listed in 

Tab. 7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5: (1) container with CH2I2 (2) container with CH3I (3) heating (4) dark paper 

 

Both production abstraction reactions of CH2I· radical generation let to the several 

parallel primary and secondary reactions by-products (see Tab. 8-11). From these by-products 

were during the experiment observed the transitions of stable molecules: CH3Cl, ICl, and 

CH2ICl often let to strong absorption signals played the negative role during the CH2I· radical 

transitions assignment (see Detection and identification). Beside these stable molecules 

transitions were also detected the rotational transitions of CH2Cl· radical [57]. In Tab. 8-9 are 

summarized results of the room temperature mass spectrometric analysis of production 

reactions in [26]. From the same study we have known that both the products and by-products 

appeared in the reaction order listed in Tab. 8-9. 
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Table 8: Primary reactions with CH3I as precursor 
 

Primary reactions 

Reactants  Products 
Reaction 
sequence 

Index 

   → CH2I · + HCl   primary  1a     

CH3I + Cl· → CH3· + ICl Secondary 1b 

   → I· + CH3Cl  Tertiary 1c 
 
Table 9: Secondary reactions with CH3I as precursor 
 

Secondary reactions 

Reactants  Products 
Reaction 
sequence Index 

CH2I·   → CH2Cl· + I· Primary 2a 

CH3· + Cl· → CH3Cl + Cl· - 2b 

I·   → ICl + Cl·  - 2c 
 
Table 10: Primary reactions with CH2I2 as precursor 
 

Primary reactions 

Reactants  Products 
Reaction 
sequence 

Index 

   → CHI2· + HCl Primary 3a 

CH2I2 + Cl· → CH2I · + ICl Secondary 3b 

   → CH2ICl + I·  Tertiary 3c 
 

Table 11: Secondary reactions with CH2I2 as precursor 
 

Primary reactions 

Reactants  Products 

Reaction  
Sequence 

Index 

ICl   → Cl2 + I· - 4a 

CHI2· + Cl· → CHClI2 + Cl· - 4b 

CH2I·   → CH2ICl + Cl· Primary 4c 
 

The result of reaction 1a is in agreement with the results already presented by [175]. 

The absence of reaction 1c ascribed by [26] by the mass spectrometry method was not 

confirmed by detection in the millimetre-wave region. Similarly to CH3I, the kinetic reactions 

of CH2I2 were already analyzed by Mass spectrometry. The analysis of the reaction products 

revealed their appearance in the sequences given in Tab. 10-11.  
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5.3 Detection and identification 

Depending on current experiment, the detection of radicals even of simple molecules in the 

gaseous phase is usually extremely difficult and it is consequently needed some initial support 

for classical spectroscopic technique. Apart from phase sensitive lock-in detection for increase 

the signal-to-noise (SNR) ratio already described, the external magnetic field is needed; 

otherwise it would be no able to distinguish between rather low intensity transitions of reactive 

unstable species from stable one. The detection process started based on the limited 

information from the parallels measurements in the microwave region. by looking for Ka = 0 

over the frequency range 420-470 GHz that is the region where the used millimetre-wave 

spectrometer has its highest sensitivity by using the CH2I2 molecules as a precursor, and by 

optimizing the conditions to obtain the maximal sensitivity (optimalisation of the power input 

and partial pressure of precursor and the chlorine/helium mixture). Several lines were found in 

the positions close to the predictions and agreed well with those one predicted for the 

hyperfine structure of iodine.  

In order to distinguish if these lines are that of predicted CH2I· radical transitions was 

used physical effect called Zeeman Effect [84] based on the principle that CH2I· radical is an 

open-shell species having in a weak Earth's magnetic field the component of angular 

momentum orientated in the same direction. Hence by applying the strong external magnetic 

field the Earth's magnetic field is being cancelled and the paramagnetic lines are shifted and 

splitting. So the strong magnetic field (~ 200 G) was applied along the cell and the 

measurement was repeated to confirm that the measured transitions are paramagnetic. 

However, because the very short life-time of CH2I· radical (in the order of ms), it did not reach 

the region of the absorption cell surrounded with the solenoid. Therefore, was found more 

appropriate to put the two permanent magnets above the horizontal crosspiece where the 

abstraction reaction occurred to prove if the observed transitions are paramagnetic or not (see 

Fig. 7-8). The lines appear to be paramagnetic. Subsequently were tried the chemical tests i.e. 

if the lines will be seen with the second precursor, CH3I. The transitions were seen also with 

the second precursor, only with somewhat lower magnitude. The second chemical test was to 

switch off the chlorine production. In this case the observed transitions disappear. So far the 

chemical tests prove the observed transitions. At this stage the physical and chemical tests 

support strongly the detection of the CH2I· radical transitions. By checking the optimal partial 

pressure of both precursors the one of diiodomethane was found to be somewhat lower than 

the optimal partial pressure of iodomethane (the use of CH2I2 as precursor resulted into about 

25 % larger line intensities). 



Chapter 1                                                                                                                  Experiment 

                                                                                                                           30 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6: (1-2) Permanent magnets above the horizontal crosspiece (3) MW discharge 

 

The optimal partial pressures (measured at room temperatures) for CH2I2 and CH3I, 

were 3 x 10-3 mbar and 1.5 x 10-3 mbar, while the total pressure was in the range (7-8) x 10-3 

mbar (see Tab. 7). However, the observed spectra appeared very congested by the remains of 

non reacting molecules of precursor and by stable by-products of vibrationally excited ICl, 

CH2ICl, and CH3Cl. The transient species rotational transitions of CH2Cl· radical already 

assigned by [57] were also detected as congestive by-product of reaction 2a during the 

experiment. The measurement proceeded in two steps: for identification was made the long 

200 MHz scans by using the optimized experimental conditions combined with the liquid 

nitrogen cooling to eliminate the often strong intensities of numerous stable by-products by 

trapping them on the wall of the cell. The cooling of the crosspiece with the liquid nitrogen 

immediately condensed the iodinated-containing sample on the walls, thus preventing the 

abstraction reaction occurs. Subsequently were applied the "short scans" (6 MHz, see Fig. 2) 

measurement using a permanent external magnetic field at the part of the horizontal 

crosspiece. 
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Figure 7: The radical and non-radical spectra measured without external magnetic field 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: The radical and non-radical spectra measured with external magnetic field 
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After detection and identification of Ka = 0 was the search directed for the Ka = 1. The 

scanning continued over frequency regions where should be the hyperfine components of Ka = 

1 according to the prediction still keeping the measurement in the most sensitive region of the 

spectrometer. Many paramagnetic lines were found and assigned as the fine structure 

components denoted as Ka = 1. So the measurement continuous till the Ka = 6. Assuming the 

planar structure, the dipole moment of CH2I· radical lies along the C2v symmetry axis, which is 

the axis with the least moment of inertia.  

The rotation spectrum should hence display the typical a-type pattern of a slightly 

asymmetric prolate rotor (κ = - 0.998). In addition, owing to the electron spin-rotation 

interaction, each rotation level was split into two, leading into fine structure in the spectrum 

and a strong mixing of the carious Ka components and the a pattern can not be observed It was 

therefore not possible to recognize the a-type R branch pattern.  Moreover, the non zero 

nuclear spins of iodine (II = 5/2) and of hydrogen (IH = 1/2) nuclei the hyperfine structure 

appear.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: An example of detected fine and hyperfine structure of CH2I· radical 

 

In Fig. 9 is shown an example of detected fine and hyperfine structure (see App.VI) 

owing to the electron spin and iodine nuclear spin for millimetre-wave transitions of CH2I· 

radical. All of which obtained by iodine abstraction from CH3I (0.05 Pa) by Cl2/He (0.05 Pa), 

in total pressure 1 Pa, with the frequency modulation 42 kHz and sensitivity 200 µV. 
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5.4 Spectral analysis 

CH2I· radical is an open-shell molecular species with one unpaired electron in p-π orbital of 

carbon atom. The nonzero total electronic angular momentum causes a fine splitting of 

rotational levels (electron spin-rotational interaction). Further hyperfine splitting of the J into 

the F levels results, likewise, from six possible orientations of the iodine nuclear spin angular 

momentum (mI = -5/2, -3/2, -1/2, 1/2, 3/2, 5/2) and from in total four possible orientations of 

the two hydrogen nuclear spin angular momentum (mH = -1/2, 1/2) give  the mutual magnetic 

interaction of the electron and nuclear spins (magnetic dipol-dipol interaction and the Fermi 

con-tact terms). An additional contribution to the iodine hyper-fine splittings is due to the 

nuclear spin-rotational interaction. 

An example of the measured hyperfine splitting of the rotational levels of the CH2I· 

radical is presented in App. VI. 

The partly hyperfine resolved and fully fine resolved terms of CH2I· radical were 

analysed in detail by using matrix elements of the Hamiltonian for an asymmetric top radical 

in the doublet state: 

 

                                                H = Hrot + Hsr + Hhf (I) + Hhf (H)                                       (5-1) 

 

Hrot and Hsr denote the Watson’s A reduction of the rotational Hamiltonian in the Ir 

representation and of the spin-rotational term, respectively, both including their centrifugal 

distortion effects. The terms Hhf(I) and Hhf(H) symbolize the hyperfine interactions owing to 

the iodine and hydrogen nuclei. They include the magnetic dipole−dipole interactions (both 

isotropic and anisotropic) of the iodine and hydrogen nuclei together with the electric 

quadrupole and nuclear spin-rotation couplings only for the iodine nucleus.  

Because of the Pauli exclusion principle, in the ground vibronic state rotational levels 

with even and odd Ka are associated with I(H) = 1 and I(H) = 0, respectively. As a 

consequence, the following coupling scheme of angular momentum was employed: J = N + S, 

F1 = J + I(I), I(H) = I(H1) + I(H2), and F = F1 + I(H) for the ortho species, and J = N + S, F = J 

+ I(I) for the para species. Where the rotational N, electron spin S, 53I nuclear spin I(I), and 1H 

nuclear spins I(H1), I(H2) angular momenta is used in this analysis.  

Since the spin quantum number of the unpaired electron is S = 1/2, all the rotational 

levels except the N = 0 level are split into doublets (fine structure) with J quantum numbers J 

= N + 1/2 and J = N − 1/2.  
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Furthermore, each of these levels is further split into twenty-four sublevels (hyperfine 

structure) with F quantum numbers F = J + 5/2, F = J + 3/2, F = J + 1/2, F = J − 1/2, F = J − 

3/2, and F = J − 5/2 due to the six 53I nuclear spin orientations (mI = -5/2, -3/2, -1/2, 1/2, 3/2, 

5/2) and two 1H nuclear spin orientations (mH = -1/2, 1/2). 

As a result, all the rotational levels (except N = 0) are split into forty-eight multiplets. 

An example of the measured hyperfine splitting of the rotational levels of CH2I· radical is 

presented in Fig. 9 and App. VI. The initial estimates of the hyperfine parameters of the iodine 

and hydrogen nuclei made it possible to readily assign the J and F values.  

All the millimetre-wave line frequencies for individual hyperfine components owing to 

the iodine nucleus were determined by a nonlinear line profile analysis using IgorPro 

(Wavemetrics). The line frequencies together with the peak intensities were adjusted assuming 

a choose line shape function with a common line width for each hyperfine component. An 

asymmetric rotor has (2J + 1) distinct rotational sublevels for each value of J, whereas the 

symmetric rotor has only (J + 1) distinct sublevels for each value of J. With an increase in 

asymmetry, the “K splitting” increases until there is no longer any close correspondence 

between the two levels and the degenerate K levels of the symmetric top. Thus, CH2I· radical 

as a near-prolate rotor, has the asymmetry splitting for Ka ≥ 1 (i.e., the doubling of the Ka 

levels into Kc = N - Ka and Kc= N + 1 – K  levels) decreases with increasing Ka and becomes 

negligible for Ka ≥ 4.  

They were subjected to a least-squares analysis with Pickett’s program SPFIT using 33 

adjustable parameters. The observed line frequencies were weighted in accordance to the 

accuracy. The line frequencies that showed a difference between the observed and calculated 

values more than 3.5 times the measured accuracy were excluded from the fit. Completely 

blended lines were fitted as the equally weighted average of their components. An accuracy of 

the well developed lines measured by the frequency modulation and subjected to the 

numerical treatment was estimated to be around 50 kHz. For more details about the presented 

analysis see [102] and references therein. 
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6 Results and discussion 

The millimeter-wave spectra of CH2I· radical, have been observed in its vibronic ground state 

in the frequency range 200-610 GHz for the first time.   

The analysis of the assigned transition frequencies of the CH2I· radical made possible 

to derive very precise values of the rotational, centrifugal distortion, fine and hyperfine 

structure constants in the Ir representation using the Watson's A reduction for the 

straightforward comparison with previous studies. Obtained parameters were derived with the 

standard deviation 29.0 kHz (S reduction also calculate with slightly worse with the standard 

deviation, 29.4 kHz, that is slightly larger than that obtained in the A reduction of the 

Hamiltonian).  

Based on these constants the systematic comparisons of CH2X· radicals have been 

carried out. From obtained rotational constants it was possible to confirm the C2v molecular 

symmetry of the vibronic ground state and consequently the planarity unambiguously. The 

latter is compared with the values obtained for CH2X· radicals, where X = F, Cl, and Br. 

Rotational constants of CH2I· radical give the three principal moments of inertia (Ia < Ib 

< Ic) from which, with known atomic masses, the internuclear distances and the bond angles 

can be evaluated allowing to prove the planarity and calculate the electronic ground state 

molecular structure. 

In addition, the analysis of the rotational constants allowed obtaining the ground state 

molecular parameters: r(C-I), and r(C-H), which compare well with the initial predictions and 

are very close to that of theoretical calculations. Furthermore the difference of r(C-I) bond 

length magnitude exists and is discussed.  

The fine and hyperfine structure has been characterized and interpreted in terms of 

electronic structure owing to the interactions of the iodine and hydrogen nuclear spins and 

influenced the bonding properties.  

Furthermore, the obtained ground state constants allowing the analysis of vibrational or 

electronic spectra significantly easier and, identification of the CH2I· radical in such 

experiments more definitive if the ground state constants agree to within the error with the 

millimeter- wave values providing essential information applicable to thermodynamic and 

kinetic modeling of atmospheric and flame chemistry that are the particular aims of the thesis 

applications. 

The results could be also applied in the kinetic studies of atmospherical and fire 

suppression species of interest as follows e.g. [26]. 
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6.1 Millimeter-wave detection 

As the result of MMW detection, in total 331 pure millimetre-wave rotational transitions (see 

supporting info [102]) with partly resolved hyperfine structure of the CH2I· radical in the 

vibronic ground state have been observed in the spectral range approximately of 200–610 

GHz. The observed a-type transitions span the values 12 ≤ N ≤ 35 and Ka ≤ 6. The 

experimental accuracy of the transition frequencies measured by the frequency modulation 

with the second harmonic lock-in detection was 30 - 80 kHz.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Stick diagrams of the observed absorption spectra between 200 - 240 GHz 
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6.2 Planarity 

The planarity of the CH2I· radical molecule was evaluated by using the quantity of inertial 

defect, ∆0  =  Ia - Ib - Ic (customary in amu.Å2), where Iα = h/8π2cα are moments of inertia of 

molecule, index α = a, b, c of molecular fixed system, h = Planck’s constant, and c = velocity 

of light. The results of spectroscopic studies of CH2F· radical [55], CH2
35Cl· radical [57], and 

of both isotopomers CH2
79Br· radical, and CH2

81Br· radical [60] have shown that the electronic 

ground states of these radicals possesses planar molecular structure (all of which have small 

value of ∆0). As a consequence, following this trend on ∆0, CH2I· radical (planarity 

suggestion) than should possess a small positive value of inertial defect. Obtained effective 

rotational constants have been transformed into the Watson’s determinable parameters: A0 = 

276675.97(252), B0 = 8896.5037(15), and C0 = 8613.9648(15) (parameters in MHz, one 

standard deviation in parentheses, Ir Representation, A-reduction). The value of the inertial 

defect was calculated ∆0 = 0.03665(3) amu.Å2 (small positive value). Following the trend of 

CH2X· radical the value of ∆0 was typical enough to clearly confirm that CH2I· radical is 

planar in the electronic ground state. In addition to the millimetre-wave, Fourier transform 

micro-wave measurement14 of spectral transitions between 17 and 38 GHz in Shizuoka 

University present the fully resolved hyperfine structure due to the hydrogen nuclei with no 

additional splitting for the para-species, confirming the planarity of the radical in its ground 

electronic state and that the ground electronic state belongs to vibrational 2B1 symmetry. 

 

Table 12: G.S. rotational constants and inertial defects of CH2X· radicals (amu.Å2, MHz) 
 
 A0 B0 C0 ∆0 
a CH2F·  265200.000  30948.322(27)  27727.773(27)  - 0.0090 
b CH2

35Cl·  274317.60(52)  15948.00830(79)  15057.06934(79)    0.0333 
c CH2

79Br·  273774.5(39)  11395.1767(30)  10932.2099(30)    0.02896(20) 
c CH2

81Br·  273776.4(38)  11353.1587(48)  10 894.2989(48)    0.02895(20) 

  CH2I·  276675.97(252)    8896.5037(15)     8613.9648(15)    0.03665(3) 
a [55], b [57], c [60]

                                                 
14  Fourier-transform micro-wave spectroscopy is capable of a frequency resolution that is one 

order of magnitude better than that of considered millimeter-wave spectroscopy [60]. 
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6.3 Molecular structure 

In principle, very precise determinations of bond lengths and bond angles can be made from 

millimeter-wave measurements of pure rotational spectra. Unfortunately, because the 

moments of inertia obtained are not equilibrium moments but effective ground-state moments 

of inertia, which are contaminated with zero-point vibrational effects, ambiguities are 

transmitted to the derived structural parameters. Furthermore, with only three rotational 

constants, the three structural parameters of CH2I· radical cannot be uniquely determined since 

Ic = Ia + Ib is not independent for planar molecule.  

By comparing the values of ab initio calculated equilibrium bond angles in Tab. 13 

was suggested that their values are good determined and therefore the HCI angle was fixed 

into ab initio calculated value 118.4° i.e. the value from Duflot et al. [79]. The dihedral angle 

between the two HCI planes was hold at 180.0° and with these conditions two remaining 

geometric parameters were then derived from Watson’s determinable constants using the 

STRFIT program from Kisiel [103].  

Derived parameters r(C-I) = 2.0388(7) Å and r(C-H) = 1.086(5) Å and the values 

obtained from theoretical calculations are summarized in Tab. 13. 

Based on the presented results may be now discussed more completely the ground state and 

equilibrium molecular parameters of CH2I· radical that means to compare the expectations 

with observations and consider further improvement of the latter. 

The values of bond lengths with its uncertainties compare well with the initial 

prediction by Duflot et al. (2.048 and 1.078 Å) [79] and with the theoretical calculations made 

by Marshall et al. (2.049 and 1.081 Å) [78], by Odelius et al. (2.066 and 1.083 Å) [77], and by 

Liu et al. (2.050 and 1.086 Å) [76], but not with the values by Dymov et al. (2.103 and 1.070 

Å) [64] (see Tab. 13).  

 

Table 13: G.S. and equilibrium molecular parameters of CH2X· radicals (Å, DEG) 

Ground state Equilibrium  
Parameter 

This study Ref. a Ref. b Ref. c Ref. d Ref. e 

r(C-I)     2.0388(7)    2.050  2.066   2.103     2.049  2.050 

r(C-H)   1.086(5)    1.078  1.083      1.070     1.081  1.086 

a(HCI)   118.4°  118.46  118.1  118.11  118.6  118.35 
a[79], b[77], c[64], d[78], e[76] 
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Table 14: C-H bond lengths of CH2X· radicals and CH3X molecules (Å) 
 

 r(C-H) F r(C-H)  Cl r(C-H)  Br R(C-H)  I 

CH2X·   1.090 a,A            1.090(1) c     1.084 d    1.086(5) 

CH3X   1.095 b            1.086(4) b      1.086(3) b     1.085(3) b 
a [r0, 55], b [re, 84], c [r0, 104], d [r0, 59], A an average of the published values 

 

The results introduced for the r(C-H) bond length is very close to that obtained for 

CH2Br· radical r0(C-H) = 1.084 Å [59], CH3I molecule re(C-H) = 1.085 Å [84], CH3Br 

molecule re(C-H) = 1.086(3) Å, and CH3Cl molecule re(C-H) = 1.086(4) Å (see Tab. 14). 

 

Table 15: C-X bond lengths of CH2X· radicals and CH3X molecules (Å) 
 

 r(C-F) r(C-Cl) r(C-Br) r(C-I) 

CH2X·   1.3325 a,A             1.690 c     1.848 d,A       2.0388(7)  

CH3X   1.3890 b                  1.778(2) b       1.933(2) b     b 2.133(2) 
a [r0, 55] , b [re, 84], c [r0, 104], d [r0, 59], A an average of the published values 

 

Derived value for r(C-I) in CH2I· radical is smaller in magnitude than that in CH3I 

molecule re(C-I) = 2.133 Å. However, a difference in these magnitudes for the C-X bond 

lengths also exists between CH2X· radicals and correspondent CH3X molecules (see Tab. 15).  

To obtain the equilibrium moments of inertia one must measure rotational transitions in 

excited vibrational states to enable the evaluation of the force constant αi from the vibrational 

dependence of rotational constants Γυ = Γe - Σ αi
Γ(υi + 1/2), where Γe = equilibrium rotational 

constant, and υi = vibrational quantum number.  

Desired rotational transitions in the excited vibrational states are weak because of the 

small population. The population, in the excited vibrational state can be increased e.g. by 

heating the gas under observation. However, the line intensity cannot always be increased 

sufficiently because of the offsetting effect due to the inverse dependence of the intensity on 

the temperature. Instead of vibrational states, rather the measurement of the rotational spectra 

of the dideuterated isotopologues, CD2I· radical, is planned to be conducted in the near future. 

As a result, the accurate isotopic structure from these parameters might be obtained. 
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6.4 Centrifugal Distortion 

Behind the accurate values of the rotational constants gives the analysis of the pure rotation 

transitions of CH2I· radical the values of the centrifugal distortion constants as well and 

introduces the question whether CH2I· radical with its molecular mass proportions is indeed 

with the trend assumed for the CH2X· radicals or is different. 

Actually, because rotational transitions with relatively high N and Ka values have been 

measured, centrifugal distortion terms up to the sextic order have been accurately determined. 

Considering the previous studies on CH2X· radicals, they are consistent with the 

corresponding values of the centrifugal distortion constants of CH2F· radical, CH2
35Cl· radical, 

and CH2
79Br· radical when available.  

The summarized centrifugal distortion constants (in MHz, one standard deviation in 

parentheses, Ir Representation, A-reduction) determined for CH2X· radicals quantify that 

unfortunately it was not possible to separate A rotational constant from ∆K constant (quartic 

centrifugal distortion term in the direction of K) nor in the previous studies neither from the 

present spectral data, and the values of the latter were fixed to those shown in the table.   

To evaluate their trend, a systematic decrease of magnitudes with increased size of the 

halogen atoms is observed as expected. As a consequence the quartic centrifugal distortion 

constants of the heavy iodine molecule containing CH2I· radical are typically about one order 

of magnitude lower than those of the fluorine molecule containing CH2F· radical.  

 
Table 16: G.S. centrifugal distortion constants of CH2X· radicals (MHz)  

Parameter  a CH2F· b CH2Cl· c CH2Br· CH2I· 

103 x ∆N 78.01(52) 22.57206(34) 12.13513 (63)          7.62790(22) 

        ∆NK   1.1334(17)   0.5101580(77)   0.324993(29)             0.248075(37) 

         ∆K 19.424 a 22.85 b 23.52 c        24.25 d 

103 x δN   0.00828(85)   1.246147(252)   0.47922(58)    0.23601(11)  

         δK   1.0260 a   0.32294(39)   0.191 43(145)          0.14027(53)  

109 x ΦN − − −        −3.39(13) 

106 x ΦNK −   1.2360(216) −          0.228(26) 

106 x ΦKN − 28.693(150)   20.41(78)          8.75(40) 

Fixed to the value of [CH2O] a, [CH2S] b, [CH2Se] c, [CH2Se] d, a [55], b [57], c [60]
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6.5 Electronic structure  

The analysis of the pure rotational spectra of CH2I· radical with partly resolved hyperfine 

structure due to iodine atom allow to obtain ground state fine and hyperfine coupling constants 

for both iodine and hydrogen atoms determined in this study for the first time. In addition, 

their values may be compared with those of CH2X· radicals and noticeably the discussion 

might be given to the unpaired electron spatial distribution penetrating the debates proximate 

by "strong" C-I force constant previously determined by the infrared studies on CH2X· 

radicals. 

Thus, as shown above, general consideration will be given on the fine and hyperfine 

structure includes electron spin-rotation, and magnetic dipole-dipole interactions (both 

isotropic and anisotropic) of the iodine and hydrogen nuclei together with the electric 

quadrupole and nuclear spin-rotation couplings only for iodine nucleus. All of the coupling 

constants are for comparison introduced in Watson’s A-reduction and in the Ir representation. 

CH2I· radical electronic structure is a structure of π-electron radical and therefore 

might be treated by the theory developed for such radicals. The details about the named 

phenomena could be listed in [105]. 

The effective atomic fine coupling constants are also handicapped based on the results 

of previous matrix infrared studies in which denoted the need of information on the 

participation of s, p, and d orbitals in the bonds mainly C-X bond. 

Emphasis of this part is given on the analysis of the hyperfine structure for completing 

the high-resolution rotational spectroscopic investigations of CH2X· radicals systems. The aim 

is not to precisely theoretically interpreted the meaning of the obtained constants but to show 

the trends if presented and basically discuss such trends in the frame of previous studies.  
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6.5.1 Electron spin-rotation coupling 

In CH2I· radical the orbital angular momentum is nearly quenched, leaving the spin angular 

momentum to interact with the molecular rotation angular momentum. Such interaction is 

called the spin-rotation interaction. The interaction can be expressed for the most part by 

employing three diagonal components of a tensor εgg, where g = a, b, and c denote the 

principal axes of inertia in molecular fixed system [84]. 

 
Table 17: G.S. fine coupling constants of CH2X· radicals (MHz) 
 

CH2X· radicals 
Constant a CH2F· b CH2

35Cl· c CH2
79Br· CH2I· 

εaa -1 075.962(122) -3149.7086(80) -12569.8032(168) -29405.18163(232) 

εbb    -185.770(87)    -237.6265(33)      -699.229(69)    -1284.43786(159) 

εcc        -1.413(83)        11.7941(31)         68.388(69)       566.71465(159) 

εaa/A        -0.004057       -0.011481         -0.045913          -0.106286 

εbb/B        -0.006003       -0.014900         -0.061361          -0.145533 

εcc/C        -0.000051         0.000783           0.006256              0.065258 
a[55], b[57], c[60] 
 

Also, all the observed spin rotation constants were scaled by appropriate rotational 

constants with the results given in the last free rows of Tab.17 The values obtained for the 

reduced εaa /A and εbb /B constants of CH2I· radical are nearly equal. This is consistent with 

planar radicals of 2B1 symmetry in the electronic ground state and demonstrates the reliability 

of presented results. 

No information is available on the excited electronic states of the CH2I· radical. The 

electron spin-rotation constant εcc has been found to be relatively small as it should be for an 

unpaired electron mainly located in the out-of-plane p-π orbital [102]. The values of the 

electron spin-rotation coupling constants for the CH2X· systems are given in Tab. 17 Since in 

second-order perturbation theory the electron spin-rotation constants are proportional to the 

rotational constants, it is more appropriate to compare values of εii/Bi, where i designates the 

a, b, and c principal axes. The values obtained for the reduced εaa/A and εbb/B constants of 

CH2I· radical are nearly equal. This is consistent with planar radicals with 2B1 symmetry in the 

ground electronic state and demonstrates the reliability of the results [55, 57, 60].  
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Figure 11: Trend in εaa components of CH2X· radicals (MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 12: Trend in εbb components of CH2X· radicals (MHz) 
 

There is a decreasing trend going from the CH2F· radical to CH2I· radical shown in Fig. 11-12. 

Such a trend in the magnitude could be seen for εaa and for εbb spin-rotation constants 

component both having negative magnitude that satisfies with the planar CH3· radical [54].  
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Figure 13: Trend in εcc components of CH2X· radicals (MHz) 
 

The electron spin-rotation constant εcc has been found to be positive that could be 

interpreted that an unpaired electron is mainly located in the out-of-plane p-π orbital. 

 

Table 18: Fine coupling centrifugal distortion constants of CH2X· radicals (MHz)  
 

CH2X· radical 
Constant a CH2F· b CH2

35Cl· c CH2
79Br· CH2I· 

103 x S∆N
 - - 0.763(29)  0.9003(87) 

        S∆NK
 - 0.1120(162) - 1.0109(15) 

         S∆K
 - 0.2635(192) 0.771(20)       1.634(15) 

103 x SδN
 - -     0.2045(198)       0.2204(54) 

         SδK   - - 0.158(34) 119(11) 
a[55], b[57], c[60] 
 

From Tab. 18 might be seen that the number of derived values of the ground state 

spin-rotation centrifugal distortion constants of CH2X· radicals is very limited. The trend in 

their values should be similar to that of the rotational centrifugal distortional constants. The 

spin-rotation constants and their trends are very interesting topic however it is difficult to 

assess their significance because no information is available on the excited electronic states of 

the CH2I· radical. 
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6.5.2 Fermi Contact Interaction 

Fermi contact interaction is related to the molecular electronic structure of π-electron radical 

and the isotropic hydrogen and iodine hyperfine splitting observed in all CH2X· radicals 

spectra. This interaction also can be used to measure the unpaired electron distribution on the 

carbon, iodine and hydrogen atoms. 

Fermi contact interaction constant of the hydrogen nuclei 

To interpret the calculated Fermi contact interaction constant of the hydrogen nuclei may be 

used the theory of indirect proton hyperfine interaction treated as a first-order perturbation that 

was developed for C-H fragment and generalized for polyatomic planar molecules. Such 

theory describes the effect in which the unpaired electron spin density of the π-electron at the 

hydrogen nuclei tends to be like in the σ-electrons i.e. antiparallel to the average spin of the 

π-electron. This exchange coupling between the π-electron and the σ-electrons explain a 

negative signs of the hydrogen hyperfine coupling constant [106].  

 

Table 19: Ground state Fermi contact interaction constants of CH2X· radicals (MHz) 
CH2X· radical 

Constant a CH2F· b CH2
35Cl· c CH2

79Br· CH2I· 

aF (H)    - 60.734(23)       - 61.756(176)     - 60.2077(123)     - 57.6087(32) 
a [55], b [57], c [60] 
 

The G.S. Fermi contact interaction constants calculated from the experimental data are 

summarized in the Table 19. These values are typical of the α-hydrogen of π-radicals [105] 

i.e., of the order -60 MHz. The negative value of these constants implies that the unpaired 

electron is mostly located on the carbon atom. 

From the Tab. 19 could be realized that there is not simple trend going from the 

fluorine species to the iodine species. This may be related to the fact that the molecular 

structure of the CH2 moiety almost does not change under substitution by any halogen atom, 

as shown by any theoretical calculation, confirmed by results of the experimental studies on 

CH2F·, CH2Cl·, and CH2Br· radicals [55, 57, 60] and as will be further implied from the 

magnitudes of the hydrogen anisotropic magnetic dipole-dipole couplings constants 

components (symbol Tαα, where α represents a, b, c axes in molecular fixed system).  
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Fermi contact interaction constant of the iodine nuclei 
 

The situation is more complex in the case of Fermi contact interaction constant of the iodine 

nuclei. In the simple one electron molecular orbital approximation a π-electron radical always 

has a positive or zero spin density at carbon atom N, 0 ≤ ρN ≤ 1. In certain π-electron radical 

systems; e.g., hydrocarbon radicals, the spin densities at certain carbon atoms are negative 

when the effects of π-π configuration interaction are included in the π-electron wave function. 

The π-π configuration between the iodine and carbon atom was already suggested in the 

matrix infrared studies. Such will be used in further explanation [105]. 

   

Table 20: G.S. Fermi contact interaction constants of CH2X· radicals (MHz) 
 

CH2X· radical 
Constant a CH2F· b CH2

35Cl· c CH2
79Br· CH2I· 

aF (X) 184.103(42) 8.532(90) 22.79041(86) - 15.84041(167) 
a [55], b [57], c [60] 
 

The value of the Fermi contact term for iodine atom, aF(I) = - 15.84041(167) MHz 

(value in the parentheses denote standard deviation 1 σ applied to the last digit), has been 

accurately determined, with its sign being unambiguously negative in compare with the other 

CH2X· radicals (see Tab. 20).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: Ground state iodine Fermi contact interaction constants of CH2X· radicals  
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One interpretation could be the spin polarization effect. The negative sign might be the 

result from a balance between the α-spin and β-spin on the iodine nucleus. α-spin (spin on the 

halogen atom, giving a positive contribution) and β-spin (spin on carbon, with a negative 

contribution), acting on the σ bonding electrons. The latter contribution is a function of the 

halogen s-character for the σ bonding electrons. If the former one is dominant, then the sign of 

the Fermi constant is positive, while it is negative if the latter is larger [174].  

 

Table 21: Unpaired electron density on X (%) 
Un-paired electron density15 on X (%) 

character a CH2F· b CH2
35Cl· c CH2

79Br· CH2I· 

s 0.35 0.15 0.071 -0.038 
a [55], b [57], c [60]  

 

Surprisingly, despite the increased delocalization of the unpaired electron onto the 

halogen atom on going from fluorine to iodine substituents the contribution of α-spin on the s 

orbital induced by a spin polarization effect decreases systematically in CH2I· radical see 

Table 21 when the corresponding atomic values are used for this estimation [102]. 
The second interpretation could be by another mechanism that takes into account the 

relativistic effects [105,107] in heavy atoms like iodine may be responsible for the negative 

sign of the Fermi-contact term. These effects, most likely the dominant ones, have been 

invoked by Miller and Cohen in their studies on the electronic ground states of iodine mono- 

and dioxides as a members of ·OXO· and XO· radicals groups, where X = F, CL, Br, and I. 

The Fermi contact term obtained from the analysis of the rotational spectrum of iodine 

dioxide, OIO, was of the magnitude aF(I)
OIO = - 90.068(59) MHz and the Fermi contact term 

obtained from the rotational spectrum of X	2Πi IO· = - 95.8(37) MHz [108, 109].  

The Fermi-contact term in these radicals is negative, contrary to the scalar hyperfine 

coupling constant in their chlorine and bromine analogues. The fact that we also obtained a 

negative value shows the consistency of the least-squares analysis and demonstrates the 

importance of the relativistic effects in species that contain heavy elements [102]. 

                                                 
15  The theory of quantum mechanics says that an electron's position can only be described statistically. It 
also use up a method for calculating the probability of finding an electron at one point or another. This 
calculation produce a quantity called electron density (symbol Ψ2 or sometimes ρ), a number that tells us the 
relative probability of finding an electron at a particular point in space [84]. 
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6.5.3 Anisotropic Dipolar Interaction 

Table 22: G.S. Electron spin-nuclear spin dipole-dipole coupl. constants of iodine atom 
 

CH2X· radical 
constant a CH2F· b CH2

35Cl· c CH2
79Br· CH2I· 

Taa (X) - 255.205(40) - 32.297(29) -149.71824 (185) -152.9574(48) 

Tbb (X) - 212.310(52) -23.00(83) -107.981(173) -136.5413(42) 

Tcc (X)  467.515(52) 55.30(83) 257.699(173) 290.4987(42) 
a [55], b [57], c [60] 
 

As can be seen from Tab. 22, the relationship for π radicals, Taa ≈ Tbb ≈ −1/2 Tcc, is 

well satisfied for all halogen-substituted derivatives of the methyl radical. This result also 

supports the view that the ground electronic state of CH2I· radical is of 2B1 symmetry like all 

the CH2X· halogen analogues. From the determined Tcc(I) value, the unpaired electron density 

on the p-π orbital of the halogen atom is found to be 18.0% showing a monotonic increase 

from fluorine to iodine (13.3% in CH2F· radical, 15.7% in CH2Cl· radical, and 15.8% in 

CH2Br· radical), as summarized in Tab. 23.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: G.S. anisotropic dipolar interaction constant components of CH2X·. 
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Table 23: Un-paired electron density on X atoms (%) 

un-paired electron density on X (%) 
character a CH2F· b CH2

35Cl· c CH2
79Br· CH2I· 

p           13.3           15.7          15.8        18.0 
a [55], b [57], c [60]  

 
A closer inspection of the magnetic dipolar constants reveals that the two in-plane 

components, Taa and Tbb, though very close, are not equal to each other, thus indicating that 

the spatial distribution of the unpaired electron is not cylindrically symmetrical about the out-

of-plane c inertial axis. Rather, the electron spin density is slightly more prominent in the a-

axis than in the b-axis direction. The same feature is shown by the various CH2X· radical 

analogues. 

The values of the hydrogen hyperfine coupling constants are discussed. They are 

typical of the α-hydrogen of π-radicals. The Fermi-contact term is of the order of −60 MHz, 

implying that the unpaired electron is mostly located on the neighboring carbon atom [106]. 

The anisotropic hyperfine coupling constants verify Taa ≈ −Tbb, Tcc ≈ 0 the i.e. relationship for 

π radicals [55-57, 60]. 

 

Table 24: G.S. Electron spin-nuclear spin dipole-dipole coupling constants of H atom 
 

CH2X· radical 
constant a CH2F· b CH2

35Cl· c CH2
79Br· CH2I· 

Taa(H) - 25.676 (26) - 21.832 (50) - 21.894 (33) - 20.711(110) 

Tbb (H) 24.2 (9) 17.6 (17) 25.0 (13) 23.52(73) 

Tcc (H) 1.4 (9) 4.2 (17) - 3.1 (13) 1.8(10) 
a [55], b [57], c [60] 
 

It is to be noted that the hydrogen dipolar coupling constants are in principle difficult 

to interpret because the unpaired electron is mainly localized about the carbon-halogen bond. 

No simple trend in their values going from the fluorine species to the iodine species can be 

readily seen from Tab. 24. This may be related to the fact that the geometric structure of the 

CH2 moiety does not change upon substitution by any halogen atom, as is supported by 

theoretical calculations [110]. Altogether, the comparison of the hydrogen hyperfine constants 

clearly demonstrates that the unpaired electron distribution around the two protons is relatively 

invariable in the CH2X· halogen-substituted methyl radicals. 
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6.5.4 Nuclear Electric Quadruple Coupling 

The nuclear quadrupole interaction in the atoms having nuclear spin I > 1 results from a 

nons-pherical distribution of nuclear charge which gives rise to a nuclear quadrupole moment 

and a non-spherical distribution of electronic charge about the nucleus which gives rise to an 

electric field gradient at the nucleus [84]. 
 

Table 25: G.S. quadrupole coupling constants of CH2X· radicals (MHz) 

CH2X· radical 
constant 

CH2F· a CH2
35Cl· b CH2

79Br·        CH2I· 

χaa (X) -      −66.070(77)     518.3387(39) −1745.0218(26) 

χbb (X) -        42.8(164)   −325.556(56)   1089.5756(57) 

χcc (X)  -        23.3(164)   −192.780(56)     655.4462(57) 
a [57], b [60] 

The nuclear quadrupole coupling constants have been accurately determined in the 

present investigation together with the N and K dependences of χaa(I) (see Table 1). As was 

guessed in our predictions, the axial component of the iodine nuclear quadrupole coupling 

constant, χaa(I), is about 10% smaller in magnitude in CH2I· radical (−1745.02 MHz) than in 

CH3I (−1934.13 MHz). The similar trend could be seen from Tab. 25 in which are summarized 

the quadrupole coupling constants of the CH2X· radicals [55, 57, 60].  

 

Table 26: G.S. quadrupole coupling constants of CH2X· radicals (MHz) 

CH3X 
constant         CH3F          a CH3

35Cl        a CH3
79Br        a CH3I 

χaa (X) -         - 74.77          577.15       - 1934 
a [84] 

An increase in delocalization of π electrons of similar magnitude from CH3X 

molecules to CH2X· radicals can be inferred for the X = Cl, Br, and I series. Such trend is 

summarized for the χaa component in Tab. 26. From the values of χaa component Tab. 26 with 

the its interpretation in [55, 57, 60] could be deduced that the un-paired electron is located 

mainly in pπ orbital of the halogen atom (depends on each atom). 
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6.5.5 Nuclear Spin-Rotation Coupling 

Table 27: G.S. quadrupole coupling constants of CH2X· radicals (MHz) 

 
CH2X· radical 

constant 
CH2F· a CH2

35Cl· b CH2
79Br·        CH2I· 

caa (X) 0.376(30) -     0.3192(42) 0.38874(90) 

cbb (X) - -     0.04385(57) 0.03359(33) 

ccc (X)  - - -      0.02318(38) 
 

In Tab. 27 is evident that the three nuclear spin-rotation interaction constants were 

determined to be 0.38874(90), 0.03359(33), and 0.02318(38) for a, b, and c axis components, 

respectively. Endo et al. derived an approximate relation between the electron and the nuclear 

spin-rotation interaction constants [55] which is given by: |Cgg(I)/εgg| = |a/ASO|. The constant a 

denotes the off-diagonal orbital hyperfine coupling constant which can be taken as a = 

5/4·Tcc(I) ≈ 365 MHz. With the ASO value obtained above (41740104 MHz), the nuclear spin-

rotation constants are calculated to be 0.257, 0.008, and 0.002 MHz, respectively. Keeping in 

mind the approximations made (i.e., the main contribution to the nuclear-spin rotation 

parameters is expected to arise from spin-orbit coupling in second order), the orders of 

magnitude of these values agree with the observed ones. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: G.S. nuclear spin rotation constant caa components 
 

0

0.1

0.2

0.3

0.4

0.5

C
gg

 /
 M

H
z

CH2F· CH2I· CH2
79Br · 

0.376 

0.3192 

0.38874 



Chapter 1                                                                                      Conclusion and perspectives 

                                                                                                                           52 

7 Conclusion and perspectives 

The outcomes of the dissertation lead to the completion of the spectroscopic studies on CH2X· 

halogen-substituted methyl radicals, where X = F, Cl, Br, and I, in the millimetre-wave region.  

CH2I· radical has been qualitatively characterized in the gas phase for the first time. 

The analysis of the observed fine and hyperfine structures (331 lines in total) owing to the 

iodine and hydrogen nuclear spins yielded information on the electronic structure of this 

species. This investigation has completed the series of studies of the high-resolution rotational 

spectrum of the monohalogen substituted methyl radicals.  

An extensive set of molecular constants has been obtained, allowing a systematic 

comparison of the structural and electronic properties to be made among the entire series. 

While CH2F· radical can be considered as almost planar, the other members of this series are 

clearly planar radicals with a 2B1 ground electronic state.  

Both the Fermi-contact and the magnetic dipolar coupling constants of the halogen 

indicate a monotonic trend on going from the fluoro- to the iodo-substituents.  

In particular, a systematic increase of electron spin density with p character with 

increasing atomic number of the halogen has been revealed. Although no trend was found for 

the magnetic dipole constants of the protons, their values are consistent with each other and 

are typical of the R-hydrogen of π-radicals. 

  The measurement of the rotational spectra of the dideuterated isotopologue, CD2I· 

radical, is planned to be conducted in the near future. As a result, the accurate isotopic 

structure from obtained molecular parameters might be obtained. 
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Chapter 2  

Allan Variance for Optimal Signal Averaging 
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8 Introduction 

The spectroscopic measurements of species related to combustion [37, 38] and atmospheric 

chemistry are a very important source of information about the reactions and the processes 

during the fire suppression or ozone depletion (see Chap. 1, Part 1.1-1.2). Such measurements 

impose high demands on instrumentation not only in the millimeter-wave frequency region. 

The laser spectroscopic methods are the effective tool for the spectroscopic research in the IR 

region [111]. The gaseous reactive unstable species and their generally low concentrations 

pose challenging requirements for IR analytical techniques [112-114].  

An example of techniques sensitive enough for an identification of reactive unstable 

short livetime species (µs) are Tunable Diode-Laser Absorption Spectroscopy (TDLAS) and 

Photoacoustic Spectroscopy (PAS) [115]. The results of named techniques can be used as a 

data base in the field of reactive unstable and stable species. Their spectral characteristics can 

be used for their unambiguous identification with a practical impact in the field of fire 

protection and industrial safety [116, 117]. 

TDLAS is increasingly used as an attractive technique for an analytical 

instrumentation [118, 119]. In such instruments a single narrow laser line is tuned by injection 

current changes over an isolated absorption line of the species under investigation. To achieve 

the highest selectivity, analysis is made at low pressure [93]. This type of measurements has 

developed into a very sensitive and general technique for monitoring atmospheric trace species 

[120]. 

At the present time, there is also increasing use of PAS for detection of gaseous 

molecules. PAS with lasers as a source offers high sensitivity (detection pptv concentrations) 

permitting monitoring of concentrations of trace values [119, 121]. PAS has been used as an in 

situ method for observation of actual concentrations combined with a high spatial and time 

resolution [119, 122-124].  

All spectroscopic methods have its detection limit16. The detection limit has been 

calculated on the basis of the variance of the mean [125, 126]. Improvement of the system 

stability provides improvement of the detection limit [119, 127, 128].  

While many improvements in modern systems focus on optimizing electronics and 

optical components [129-132], much less effort has been put into post detection signal 

processing and adaptive backward control of the monitoring process.  

                                                 
16  In presented dissertation for a definition of detection limit the standard deviation derived from the 
variance of the mean is used to be comparable with the Allan variance (Part 8). For non-stability measurements 
the definition of the International Organisation for Standardization (ISO/DIS 9169) is specified. 
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Stability tests (measurements) based on the Allan variance statistical method [133-135] have 

become a standard procedure for the evaluation of the quality of spectroscopic instruments 

[119, 121, 125, 127, 128, 136, 142]. The Allan variance distinguishes white noise from flicker 

noise (drift) as function of time [125, 126].  

The signal from a perfectly stable system could, in principle, be averaged infinitely 

[125]. Infinite averaging should lead to extremely sensitive measurements, providing that 

limitations of the dynamic range of the system could be neglected. Unfortunately, real systems 

are stable only for a limited time, and it is obvious that every real unstable system will have an 

optimum averaging time given by the drifts in the system such as temperature drifts, moving 

fringes, changes in background spectra, etc. [125]. 

Broad fringes can appear as a linear slope superimposed on the desired signal. The 

signals conventionally appeared during detection when the setup is not sufficiently optimized 

are shown to report incorrect concentrations when the signal is distorted, which is especially 

critical at low ambient concentrations. [112].  

Other critical effects are drifts on the spectra relative to the calibration spectrum. Drift 

effects can lead to a significant underestimation of concentration values, i.e., a spectrometer 

that shows critical drifts can report extremely low concentration values [112]. 

Sensitivity improvement of these detection schemes by signal averaging is limited by 

the stability of the whole experimental system [119]. Characterization of trace gas analyzers 

has been performed by the Allan variance and this concept has become a well established tool 

for researchers to describe the performance of laser-optical trace gas sensors [125, 137]. 

It is the purpose of this chapter to show the signal-processing studies for applications of 

TDLAS and PAS and real-time signal analysis using sophisticated data-processing techniques. 
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9 Previous studies  

The stability characterization of TDLAS instrument by Allan variance has been published 

starting from 1993. In previous papers it has been shown that substantial improvements of 

TDLAS detection limits were obtained by introducing frequency modulation technique 

combined with multiple pass absorption cells [129, 131, 132]. The best detection limits 

obtained so far have been limited by instruments noise. Further improvement of the TDLAS 

sensitivity is hard to achieve [130].  

Werle et. al in 1993 first utilized the concept of the Allan variance to analyze the 

stability of a FM TDLAS spectrometer with White cell. As a result of their study they 

obtained the detection limit for NO2 molecule of 34 pptv at 6 Hz detection bandwidth with the 

optimal averaging time of 60 s [125].  

In 1996 Werle continued his research with Jänker. They primarily identified that 

sensitivity improvement by signal averaging is limited by 1/f noise contributions from a 

turbulent gas flow. This conclusion has been supported by measured time series data from the 

differential pressure sensor for an air flow 1, 3, 5, 7, and 10 liters/min through the White cell. 

The corresponding Allan plots show 1/f characteristics for integration times above 30 s, 

indicating that further averaging does not reduce the noise [138]. 

Freed et al. presented merits of Allan variance approach in aircraft FM TDLAS system 

with Herriott cell [127].  Formaldehyde (CH2O) was used as the target gas. The measurements 

indicated the detection limit of 18 pptv that is within a factor of two of that reported by Werle 

et al. for integration time about 87 s [125].  

At the same year Werle et al. [139] have found the detection limit of FM TDLAS with 

Herriott cell for CO2 molecule of 0.87 ppm obtained at an integration time of 0.1 s.  

Werle and Lechner [128] published the comparison of the FM TDLAS technique and 

the FM-Stark TDLAS modulation technique. FM spectra and FM-Stark spectra were obtained 

together with time series data from a 4.6 ppm (25 mbar) CH2O calibration gas and 

corresponding Allan plots.  

For both measurement series the optical density was adjusted to 4.1 x 10-4 at 25 mbar and the 

detection bandwidth was 2 Hz. With 35-cm path was achieved the optimal integration time 

120 s for FM Stark spectrometer and 24 s for FM spectra. 

In 1999 Werle and Popov [140] presented measurements of CH2O and CH4 with 

selected antimonide laser device. From first experiments was determined a detection limit for 

HCHO of 120 pptv with a 40 s integration time corresponding to 5 x 10-6 at ∆f = 5 Hz, and for 

CH4 was obtained 2 ppb with a 20 s integration time corresponding to 2.7 x 10-4 at ∆f = 1 Hz.  
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Werle et al. [136] used FM-Stark TDLAS with 35 cm single pass cell to detect the 

concentration about 0.6 ppm for H2
17O measurements at the optimal integration time 60 s. 

Further improvements for the aircraft applications are discussed.   

The combine use of a multipass cell and a modulation to suppress the background 

signals was applied [141]. The target molecule was CH2O with concentration 361 ppb. The 

authors use the rapid background subtraction in which the external electric field was turned off 

on alternate scans. Such double modulation experiment show drift free, white noise limited 

characteristics up to the integration times more than 1000 s.  

Until now information on the application of Allan variance on the PAS stability 

measurements are rather scare.  

Yanm et al. [142] first utilized in 1989 the Allan variance on PAS with CO2 laser using 

Lamb-dip from a photoacoustic cell. CO2 laser was used to optically pump a CH3OH laser 

stabilized on the center of the CH3OH absorption line. The frequency stability of the CO2 laser 

was measured in terms of the Allan variance as σ(τ) = 3 × 10-9 τ-1/2 (1 < τ < 100 s).  

Cattaneo et al. [119] later described the stability tests of PAS with TDL based on a 

cantilever technique for sensitive detection of molecular oxygen. The detection limit obtained 

was 5000 ppm.  

The third published study [121] was on CO2 detection using near infrared (NIR) 

diode-laser based wavelength modulation photoacoustic spectroscopy. Authors depicted the 

minimum detectable absorption coefficient as a function of different averaging times.  An 

integration time of 100 s was selected for the detection-limit. 

There have been also other laser-based detection systems for gas phase detection tested 

by the Allan variance method [115, 143-145].  

Nelson et al. [115] presented measurements of atmospheric N2O and CH4 using mid-

infrared quantum cascade laser combined with astigmatic multipass cell. From the Allan 

variance analysis of 0.06 ppb of N2O and 0.7 ppb of CH4 they obtained the optimal integration 

times 100 s and 200 s.  

Similarly Kroon et al. [144] presented measurements of atmospheric N2O and CH4 

using quantum cascade laser spectroscopy.  They obtained the optimal integration time 200 s 

for 0.5 ppb of N2O and 2.9 ppb of CH4. 

McManus et al. described the analysis of 0.075 ppm NO measured by quantum 

cascade laser combined with astigmatic multipass cell with the optimal integration time 

calculated 80 s. 

Stimler et al. [145] detected the atmospheric concentration (0.01 mmol) of OCS by 

quantum cascade laser combined with multipass cell. From the measured calculated results 

they derived optimal integration time 138 s.   
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The results of the previous studies with depicted molecules, concentrations and optimal 

averaging times are summarized in Tab. 28-30. 

 
Table 28: Summarized previous studies on TDLAS 
 
Molecule  Concentration Technique Integration time 
1 NO2    34.00 pptv FM TDLAS + White cell 60 s 
2 CH2O    18.00 pptv FM TDLAS + Herriott cell 87 s 
3 CH2O      4.60 ppm FM TDLAS + single pass cell 24 s 
3 CH2O      4.60 ppm FM-Stark TDLAS + single pass cell 120 s 
4 CH2O  120.00 pptv FM TDLAS + White cell 40 s 
4 CH4      2.00 ppb FM TDLAS + White cell 20 s 
5 H2

17O      0.60 ppm FM-Stark TDLAS + single pass cell 60 s 
6 CH2O 361.00 ppb FM-Stark TDLAS + Herriott cell more than 1000 s 

 
1 [125], 2 [127], 3[128], 4[140], 5[136], 6[141] 
 
Table 29: Summarized previous studies on PAS 
 
Molecule  Concentration Technique Integration time 
1 CH3OH - PAS + CO2 laser ≈ 100 s 
2 O2 5000 ppm PAS + TDL       - 
3  CO2 312.5 ppm PAS + TDL ≈ 100 s 

 
1 [142], 2 [119], 3 [121] 
 
Table 30: Summarized previous studies on other techniques 
 
Molecule  Concentration Technique Integration time 
1 N2O 0.06 ppb QCL + astigmatic multipass cell    100 s 
1 CH4 0.7 ppb QCL + astigmatic multipass cell    200 s 
2  NO 0.075 ppm QCL + astigmatic multipass cell      80 s 

3 N2O 0.5 ppb QCL + multipass cell    200 s 
3  CH4 2.9 ppb QCL + multipass cell     200s  
4 OCS 0.01 mmol QCL + multipass cell    138 s 

 
1 [115], 2 [143], 3 [144], 4 [145] 
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9.1 Previous studies conclusion 

The results on the detection limits together with the experimental techniques and the values of 

optimal integration times for NO2, CH2O, CO2, CH4, H2
17O, CH3OH, and O2

 sample molecules 

are summarized in Tab. 28-30.  

It was shown (see Tab. 28) that the combination of the frequency modulation technique 

with an optical path length through an absorbing sample of several tens of meters 

(multireflexion systems) in TDLAS is effective for measurement of sample molecules 

concentrations from parts-per-billion (ppb) to parts-per-trillion (ppt) [125, 127, 128, 136, 139 

140]. 

There is no simple trend in the values of integration times for TDLAS. Going on 

increase of optimal integration time values in Tab. 28, the optimal integration times are 

typically between 20 - 120 s, with exception of more than 1000 s measured by frequency 

modulated Stark TDLAS combined with Herriott cell [136]. 

A comparison of the results from previous studies presented on PAS with CO2 or TDL 

lasers is not straightforward (see Tab. 29). The optimal integration times seem to be about 100 

s i.e. comparable value as in the case of TDLAS, but it could not be concluded definitely 

because of lack of data [119, 121, 142]. 

There are also other laser-based detection systems that were investigated by the Allan 

variance method with the values of optimal integration times from 80 - 200 s all of which use 

the quantum cascade laser with multireflexion cell [115, 141, 144, 145]. 

There are not published studies on Allan variance analysis of TDLAS or PAS for the 

case of reactive unstable species. The results derived in presented dissertation will 

complemented the series of studies by TDLAS and PAS by the evaluation of optimal 

integration times of reactive unstable species. The derived optimal integration times will be 

compared with the studies already published [115, 125, 127, 128, 136, 139, 140, 141, 144, 

145].  

. 

. 
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10 Aims 

Based on Part 9.1 - "Previous studies conclusion" were defined following aims: 
  

1 Formal description of Allan variance as a method for determination of optimal 

integration times for gas phase spectroscopy of selected molecular systems. 

2 Description of the experimental set-ups for laser-diode and CO2 laser photoacoustic 

spectrometry as the techniques for gas phase detection of selected molecular systems in 

IR. 

3 Calibration, line identification, optimalisation of absorption path length and modulation 

techniques and long time measurements of isolated maxims of spectral lines of selected 

stable and reactive unstable molecular systems by laser-diode spectrometer. 

4 Presentation of results on analysis of the measured time series and determination of 

optimal integration times from both laser-diode and CO2 laser photoacoustic spectra. 

5 Conclusion and perspectives for further studies 
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11 Allan Variance    

The detection limit can be computed from the standard variance of the measured data. The 

problem with the standard variance stems from its use of the deviations from the average, 

which is not stationary for the more divergence noise types while the Allan variance is 

stationary for the most types of noises [135]. 

The Allan variance was originally introduced for determining frequency stability of 

frequency standards [133] but is also used for determination of detection limits and optimal 

integration times of the spectrometer [125]. 

 There are several versions of Allan variances that can distinguish between white17 (α = 

0), and flicker phase noise18 (α = 1) (see App. I), and can describe instrument stability in time 

[146-155].  

The following part is an introduction for an Allan variance method with depicted 

characteristics important for its application in further experiments. Whole the method is 

formally described in [125]. Whole description is used in the following part. In general the 

long time scans consists of N elements data set. This data set can be divided into M subsets 

containing k elements, where M = N/k. For each of these M subsets an average value An (n 

denotes the subgroup number) is calculated: 

 

                                               An =
k
1 x(n-1)k+ l

l= 1

k

/                                                (1-1) 

 

The variance vn
2 can be express: 

 

                                        vn
2
=

k-1
1 x(n-1)k+ l^ - An)

2

l=1

k

/                                                (1-2) 

 

The variance of the mean Var(An) is from vn
2 defined by: 

 

                                                           Var(An) =vn
2/k                                                           (1-3) 

                                                 
17  Thermal fluctuations and the respective change of the movement velocity of charged particles are 
unavoidably present in all circuits and give rise to Johnson–Nyquist noise sometimes called White noise [93, 
156]. 
18  The random trapping and release of current carriers at the surface of a solid cause the inverse frequency 
noise (often denoted as Flicker noise) [93]. 
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The analysis of a long data set can be very time consuming and, therefore, it is convenient to 

find a more efficient method to determine the optimum averaging group size. Based on the 

definition of the sample variance, it could be written: 

 

                                                 v2 M,T,x^ h =
M-1
1 An - A)2

n=1

M

/                                           (1-4) 

 

M is the number of groups used in obtaining a sample variance [-], T is the time interval 

between the beginning of two successive measurements [s] and τ is the integration time [s]. 

A variance of the mean A is defined by: 

 

                                                         Var(A) =v2/N = v2/Mk                                             (1-5) 

 

Eq. 1-5 can be used with a special choice for the number of subgroups M. For convenience, if 

we choose M = 2 the number of elements in each subgroup k = N/2. This yields to the 

following expression for the variance of the mean: 

 

                           Var (A,M = 2) =
2-1
1 An -A^ h2

n=1

2

/ =
2
1 A2 - A16 @2 / vA

2
= v2 /2k                  (1-6)  

 

vA
2  is the Allan variance, which was first introduced by Allan in 1966 for characterization of 

frequency standards [133].  

It can be shown that the choice of M = 2 is the best value for high drift sensitivity  

 

                                                    B1 M,r,n^ h /
v 2,T,x^ h
v M,T,x^ h

                                                 (1-7) 

 

Bias function Eq. 1.8 reflects the ratio between the general variance and the Allan variance for 

a given ratio x= T/x and a given noise type µ. For white noise (represented by µ = -1) the 

bias function B1 = 1. This is very important, because it means that, in the case of a white noise 

dominated system, the Allan variance is equivalent to the variance of the mean and, as the 

variance of the mean is a measure for the detection limit, the Allan variance can be used to 

predict the detection limit (for definition see Part 8). 

 Until now, only a simple value for the Allan variance has been calculated. The next 

step for an instrument characterization is to calculate the expected value for the Allan variance 

from a set of m’ independent measurements to obtain a more precise estimate for the detection 

limit.  
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If s denotes the sub-ensemble number, the ensemble average 
e
 of the Allan variance vA

2

e
 

is given by:  

 

                                                    vA
2

e = 2 lm
1 A2,s - A1,s^ h2

s=1

lm

/                                                 (1-8) 

  

 

For each of this m’ subgroups an average value A is calculated: 

 

 

                                                          A n,s =
k
1 x n- 1^ hk+ l6 @,s

l= 1

k

/                                              (1-9) 

 

 

From the expected values, the associated variances can be calculated and give a 

measure of the accuracy. If the system is ergodic the ensemble average vA
2

e
 can be replaced 

by the time average vA
2

t
 which is much more convenient for practical measurements because 

sequential measurements are easier than simultaneous ones. As all averages and variances are 

functions of the group bin-size k, the time average 
t
 of the Allan variance is then given by: 

 

                                              vA
2 k^ h t = 2m

1 As+1 k^ h- As k^ h6 @2

s=1

m

/                                      (1-10) 

 
, where the AS: 

 

                                                 As k^ h =
k
1 x s-1^ hk+ l

l= 1

k

/                                              (1-11) 

 
 
vA

2 k^ h t  is the Allan variance [a.u.], AS  arithmetical mean of elements [a.u.], k is number of 

averages [-], m is number of subgroups, N is total number of elements [-], i, s, l, L are the 

indexes, t is integration time [s], s = 1, …, m, m = m’ - 1 

 

 
This equation is very easy to implement experimentally as one simply need add up the 

squares of the differences between adjacent values of A2s divided by the number of them and 

by two, and take the square root. 
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The Allan variance σ2
A is calculated for a set of m-1 subgroups of k classes (where k = N/m) 

which contains x values of measured data (N) and plotted over the integration time t. Noise 

contributions S(f), which are encountered in most systems, are frequency independent white 

noise and frequency dependent l/f noise and 1/f a , where a > 1. The latter noise encompasses a 

noise at very low frequencies which can be considered as a drift. For some experiments can be 

useful the frequency domain stability. The time domain stability of Allan variance can be 

derived from the frequency domain stability S(f). The general formal solution of the translation 

among frequency stability measures have been derived by Cutler [157] in 1971 as: 

 

 

       v2 M,T,x^ h =
M - 1
M df $ S f^ h

0

3

# #
(r $ f $ x) 2

sin2 (r $ f $ x)
$ 1 -

M2 sin2 (r $ r $ f $ x)
sin2 (r $ r $ f $ x $ M)c m

2

         (1-12) 

 
 
M is the number of data points used in obtaining a sample variance, f is the Fourier frequency 

variable, T is the time interval between the beginning of two successive measurements, t  is the 

duration of the averaging period, and r = T/t.  

The quantity T/t describes the duty cycle (DC) of the system, and r = 1 means no dead 

time due to data sampling and processing. For M = 2 one obtains, in this nomenclature, the 

Allan variance [133], i.e. v2(2, T, t) = vA
2 (T, r). The time dependence of the three main noise 

contributions can be derived from [156]. 

Neglecting duty cycle effects for a first interpretation, i.e. assuming r = 1 and T = t, the 

Allan variance can be re-written in the following form as a time-domain approximation [125]. 

The frequency domain is divided into three parts, thus the integral calculation can also be 

spread into three independent parts and the result is the sum of these fractional calculations: 

 

                                          vA
2 x^ h = cWhite noise (1/x) + c1/f + cdrift,axa

a

/                   (1-13) 

 

vA
2  is the Allan variance [a.u.], cWhite noise  is a constant characterizes white noise [a.u.], c1/f  is a 

constant characterizes α characterizes the type of the system drift [-], τ is the integration time 

[s] 

 
In the case of a linear drift, An+1 - An = const·t, we have a = 2. This means that, depending on 

the number of averages k, at short integration time t within the white-noise dominated region, 

the Allan variance decreases (proportional to 1/t) with increasing integration time [125]. The 

minimum in the Allan variance corresponds to the optimum integration time that is indicated 

in Fig. 17. 
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Figure 17: Allan-Plot with denoted white noise and drift components. 
 
 
The Allan variance plotted as a function of the integration time leads to the 

logarithmic-logarithmic Allan plot (sometimes sigma-tau plot). The minimum in the Allan 

variance corresponds to the optimum integration time. The optimum integration time is a 

characteristic property for a given instrument: it reflects the system stability (e.g. quality of 

line locking, drifts of fringes, changing background, etc.) [125].  

The noise contributions encountered in most spectroscopic systems are frequency 

independent white noise and frequency dependent 1/ f α (α ≥ 1) noise [158] 

The Allan variance is the most common time domain measure of frequency stability. 

Similar to the standard variance, it is a measure of the fractional frequency fluctuations, but 

has the advantage of being convergent for most types of signal noises [159]. 
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12  Experiment   

Two experimental setups - TDLAS and PAS have been used in the present study. The 

experimental setups [160, 161] are shown schematically in App. III and IV. 

In present application the known laser wavelength scan over an isolated absorption line 

of the species under investigation. Both systems use modulation techniques in order to 

improve SNR.  

ArD+ has been chosen for TDLAS stability testing as spectroscopically well-known 

and measured standard of ion lines [162] see Fig. 18. C3H4 and OCS have been used as 

reference gases for calibration of TDLAS in the MIR region. CN· radical's lines are well 

known in the MIR region. CH3OH (see Fig. 19) is used as a model heavy pollution gas [161, 

163]. As a reactive unstable species for PAS O3 was selected Fig. 20 [163] 

 

Table 31: Selected isolated lines positions of investigated molecules 
 

Molecule Line position [cm-1] 

C3H4 1955.4993 

OCS 1901.9690 

ArD+ 1944.8416 

CN· (X	2Σ+) 1952.2749, 1952.0941 

CH3OH 1045.0413 

O3 1052.0778 
 

 

From the point of view of presented stability investigation is very important part of the 

spectrometer the TDL used. An important function of the laser control system is to accurately 

lock the laser wavenumber to the selected absorption line center. The main problem with 

accuracy in the case of TDLAS is connected with temperature of the TDL. The temperature 

during the experiment must be kept constant which means here that the temperature during the 

analysis including calibration must be stable. Therefore, TDL used in presented study operates 

at LHe cryogenic temperature. Because the laser is tuned by the current also current must be 

constant during the measurement. The selection of optimum operating conditions for 

temperature and current stabilization is required.   
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12.1  Production mechanism  

The very important part of the spectrometer is the absorption cell. Such cell is filled with the 

precursor for the target gas at a pressure of typically a few mbar Tab.32. The specific aim of 

the sample preparation was to obtain a high enough concentration for spectroscopic detection 

and line assignment. All these molecules have strong rotational-vibrational transitions which 

are well suited for absorption spectroscopy measurement. The optimal partial sample pressures 

are summarized in Tab. 32. 

 
Table 32: Chemicals used for experiment 
 
Chemical Mark Purity   Partial pressure [mBar]   

C3H4 Sigma-Aldrich    97.000 % a 0.33  

OCS Sigma-Aldrich    97.500 % b 0.34  

CH3OH Sigma-Aldrich ≥ 99.000 % 26.66 

O2 Sigma-Aldrich ≥ 99.960 % 11.86 

CH3CN Sigma-Aldrich    99.800 %                             c 0.13  

He Sigma-Aldrich ≥ 99.998%                             c 2.89 

D2 Sigma-Aldrich    99.960 %                             d 0.08 

Ar Sigma-Aldrich ≥ 99.998%                              d 2.07 
a total pressure 0.48 mbar, b total pressure 1.36 mbar, c total pressure 3.81 mbar, d total 
pressure 2.52 mbar 
 

The most difficult problem has been the production of ion and radical on a 

concentration level sufficient to be detectable with phase sensitive amplifier combined with 

LN2 cooled InSb detector. The successful technique for the production of ions has been found 

the plasma of a noble gas discharge. Both, ArD+ molecular ion and CN· radical were produced 

in the positive column of a DC glow discharge on concentration levels of approximately 10-6 

[162]. Concentration of ArD+ molecular ions and CN· radicals depend on the reaction they are 

prepared. In the discharge with traces of deuterium is the molecular ion ArD+ formed by direct 

ionization of Ar atoms [162]. For the production of O3 a home-made production system based on 

the use of Hg lamp Ozonolyzer was used. Concentration of ozone was calculated from absorption 

coefficient [164].      

To estimate the level of reproducibility we need to maximally optimize both setups for 

measurement of given species. However, the reproducibility of presented experiments                    
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12.2  Diode-laser spectrometer 

Experimental set-up for TDLAS spectrometry from JH Institute of Physical Chemistry was in 

detail described in previous works [162, 165, 160]. This instrument based on modulated TDL 

combined with White cell and phase sensitive amplifier operated with given diode in 

wavenumber range approx. 1832 - 2100 cm-1 was constructed, optimized, tested and adapted 

to produce and detect transitions of above stated species – stable, reactive unstable including 

radical and molecular ion. 

All the measurements were carried out using the FM (App. III) and AM modulation 

technique for diode laser detection.  

The diode laser (Laser Components GmbH) was placed in a laser head cooled by the 

He cryostat. The laser was temperature and current controlled using Laser Photonics units, 

model L5731, at a temperature of 30–70 K. The laser beam of TDL was coupled with He-Ne 

laser. A lens focuses the laser beam into a (Czerny–Turner) monochromator to separate single 

laser modes from the spectrum. The radiation leaving the monochromator was directed either 

into a reference cell, a Ge etalon (0.04 cm-1), or into an absorption cell loaded with the gas 

being studied. The absorption spectrum was recorded with a photoconductor HgCdTe detector 

operated at liquid nitrogen temperature. The signal from the detector was for the first 

assignment fed into a digital oscilloscope (Le Croy 9361). The spectra were measured using 

the current (saw-tooth) modulation of the laser [163]. The glow discharge was generated in the 

Hallow cathode (length 1030 cm, inside diameter 70 mm). As the unstable reactive molecular 

systems were measured OCS and C3H4. Frequency modulation (FM) of a continuous laser 

with InSb detection provides a zero-back-ground absorption method most often applied to 

sensitive detection of sharp spectral features in stable molecules It has recently been also using 

an explicitly AM TDLAS spectroscopy for measuring spectra of transient molecules [166]. To 

alleviate problems by absorption line overlap, the absorption cell was operated at low pressure 

(see Tab. 32) where the linewidth is mainly Doppler limited. In presented measurements 

described diode laser was repetitively tuned over an absorption line of a target molecule and 

the absorption spectra were averaged over a specified time interval. In Fig. 18 IR spectra of a) 

etalon (1¨Ge); b) reference (C3H4); c) 1←0 R (6) transition of the ArD+ ion are shown all of 

which measured by AM TDLAS. The spectrum was measured at total pressure 2.526 mbar 

(0.08 mbar of D2 diluted in 2.07 mbar of Ar). The optimal value of amplitude modulation of 

glow discharge was 14 kHz. The amplitude modulation was applied to avoid influence of 

water lines as displayed in Fig. 18c. 
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Figure 18: Selected line: spectrum of a) Ge etalon, b) C3H4, and c) ArD+ 
 

The approximate lifetime of the ArD+ ion was therefore about 71 µs. The identification was 

confirmed by chemical test: switching of the input of D2 makes the ArD+ line disappear. The 

sensitivity of the lock in amplifier was 3 mV. The time constant of the RC circuit was 30 ms. 

The phase was 140 DEG. The identification of the ArD+ was clear. The advantage of the 

amplitude modulation is that the second line of stable species disappears. The selected line is 

therefore isolated from other lines. Line identification of C3H4, OCS and CN· radical was done 

by the same series of C3H4, Ge etalon measurements. The identification of CH3OH and O3 is 

described in [163] because of higher pressure of the samples and consequently higher pressure 

broadening. 
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12.3  Photoacoustic spectrometer 

Experimental set-up for CO2 laser photoacoustic spectrometry from JH Institute of Physical 

Chemistry was described in previous works [161, 163 167-169]. This CO2 laser photoacoustic 

set-up was constructed, optimized, tested and used to detect concentrations of above stated 

gaseous pollutants by Ing. Lenka Herecová, PhD at Nový Knín.  

The photoacoustic cell was a thermally stabilized (30 ˚C) brass tube with the length of 

38 cm and the diameter of 8 mm. Detection was performed on longitudinal acoustical 

resonance (modulation frequency 1.2 kHz, the phase was set on the maximum of the 

photoacoustic signal). Measured modulated signal (from microphone and pyrodetector) was 

demodulated by lock-in amplifier (typ 232, UNIPAN, Waršava, Polsko). For the CO2 laser 

emission line control the spectral analyzator (Optical Engineering Inc., model 16-A) was used. 

A set of silicone and/or polyethylene tubes sealed on both ends with steel balls and filled with 

the investigated model molecules served as well-defined permeation standards to 

calibrate the equipment as well as for the analysis itself [163]. 

CO2 laser photoacoustic spectrometer was tested by means of the Allan variance for 

detection of stable molecule - methanol (CH3OH) and reactive molecule - ozone (O3). 

Methanol sample was generated by permeation method. Ozone sample was generated 

by ozonizer (hot-cathode type low-pressure mercury lamp). Permeation standards were placed 

in the temperature stabilized chamber (23.0 ± 0.6 ˚C). A constant flow rate of carrier gas (3.1 

± 0.1 ml-1) passed through a chamber. Flow rate was measured with the sample drawn through 

a photoacoustic tube and then through the flow meter. The choice of modulation frequency 

(chopper) and modulation frequency of CO2 laser together with data acquisition were 

controlled by personal computer. The simplified scheme of the experimental set up for PAS 

with CO2 laser is in the App. IV. 

 A number of studies of the PAS with CO2 laser used in the laboratory in Nový Knín 

have been published [163]. The SNR optimization procedure of the PAS with CO2 laser was 

not the aim of this dissertation and therefore is not described in detail. The further 

investigation of the measured long time scans (1000 s) together with the optimal integration 

time is discussed in the terms of Allan variance in Part 14.  

 For the long time scan measurements were selected isolated line of CH3OH at CO2 

laser emission line of wavenumber 1045.0413 cm-1 (9P (22)) and line of O3 at CO2 laser 

emission line of wavenumber 1052.0778 cm-1 (9P (14)) (see Fig. 19-20). 
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Figure 19: Selected line: spectrum of CH3OH vs. CO2 laser emission spectrum. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20: Selected line: spectrum of O3 vs. CO2 laser emission spectrum.
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13 Experimental results  

TDLAS spectrometer from JH Institute of Physical Chemistry has been optimized. The long 

time scans have been recorded. The optimal averaging times has been derived by application 

of Allan variance concept on TDLAS and PAS instruments with detection of selected 

molecular systems. For all the mathematical calculations and graphs program Origin® version 

6.1 [170] was used. The results of Allan variance analysis are compared with the previous 

studies from TDLAS with multireflexion cell and PAS with laser source.  

13.1 Calibration 

The measured absorption spectra of investigated molecules were scaled with the emission 

Fourier transform infrared (FTIR) spectrum of 1,2 propadien (C3H4) used as a reference. The 

spectrum was measured by B. P. Winnewisser at the University of Giessen with resolution 

0.0031 cm-1 in the spectral region of 1880-1973 cm-1 at 300 K. Each spectrum was averaged 

by 200 scans. The sample pressure was 2.0 mbar. Absorption path length was 284 cm. Globar 

was used as a source of infrared radiation. For the detection was used InSb detector (with KBr 

optical filter - 1740-2110 cm-1).  

The spectrum of C3H4 in Fig. 21-22 was in presented study measured by TDLAS with 

the resolution ≈ 10-3 cm-1. The partial pressure of C3H4 was 2.4 mbar (total pressure 2.526 

mbar). The absorption path length for the calibration was 20 m (during the measurement was 

for calibration used 50 cm long reference cell). The sensitivity on the lock in amplifier was 1 

mV that was experimentally found to be optimal according to the used A/D converter. The 

time constant of the RC circuit in the lock in amplifier was adjusted to 30 ms and the phase of 

the phase shifter in the lock in amplifier (phase sensitive detection) was adjusted to 20 DEG.  

The modulation frequency was 1.4 kHz.. Obtained points were fitted by linear curve y = f(x), 

where y is wavenumber [cm-1] and x is laser current [mA]. From this dependence wavenumber 

scale was obtained. The wavenumber was calculated using a manually prepared calibration 

curve. For this purpose five C3H4 reference standards wavenumbers: 1944.7358 cm-1, 

1944.7804 cm-1, 1944.7966 cm-1, 1944.8940 cm-1 and 1944.9228 cm-1, were used from a 

1944.55 to 1945.00 cm-1 range. In Fig. 21 are five values of assigned laser current of reference 

signal and the corresponding wave number scale on the x axes. Dependence of the reference 

wavenumber values on the current is called a calibration graph. 
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Figure 21: Reference absorption spectrum of C3H4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 22: Reference absorption spectrum of C3H4 
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13.2  Lines identification 

All wavenumbers for individual lines were determined by a nonlinear line profile analysis 

using Origin® version 6.1. The line frequencies together with the peak intensities were 

adjusted assuming a simple Gaussian (amplitude modulation) or second derivative of Gaussian 

(frequency modulation) line shape with a common linewidth for each line component. The 

sample pressure was reduced to the values of few mbar (see Tab. 32). The optimum sampling 

pressure for TDLAS was chosen as a compromise between sensitivity (SNR) and selectivity 

(resolution 10-3 cm-1). This was the pressure at which a TDLAS system was normally 

operated. The SNR was obtained by the procedure described in [160]. The phase sensitive 

detection combined with LN2 cooled InSb detector resulted in to second derivative lineshape 

(see Fig. 25). 
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The second derivative of the Gaussian profile function: 
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y is intensity of the line [a.u.], y0 is baseline (offset) [a.u.], A is spectral profile amplitude 

[a.u.], w is half width at half maximum (HWHM) [cm-1], x is wavenumber [cm-1], xc  is center 

of the spectral profile [cm-1] 

 
The line positions (in units of wavenumber) obtained as one of the spectral lineshape 

parameters were derived from the fit by non linear Gaussian function. Such wavenumbers are 

sufficient for fingerprint identification of selected single lines.   
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13.3  Optimization 

The optimization of PAS with CO2 laser has been described previously [161]. Consequently, 

the emphasis is given on the optimization of TDLAS spectrometer as a one of the aims of 

presented dissertation. The TDLAS spectrometer was optimized (optical pathway, frequency 

modulation, on-off modulation of discharge) for production, measuring and detection in the IR 

region of electromagnetic radiation. The absorption spectra of C3H4, OCS, ArD+ radical ion 

and CN· radical were measured. Such a simple technique has been proposed before obtaining 

the data for Allan variance algorithm. 

The objective of this part was to demonstrate the optimization of the measurement on 

the ArD+ using the direct detection, frequency modulation of diode laser and on off 

modulation of discharge. Similar procedure was made in the case of CN· radical. The spectra 

of OCS and C3H4 were measured with no discharge. 

13.3.1 Absorption Path Length 
            

In presented FM TDLAS instrument i.e. system with a limited size, long absorption path 

lengths up to several tens of meters have usually been provided by multireflection optical 

systems.  

Unfortunately, the sensitivity gained by lengthening the absorption path is increasingly 

offset by the attenuation of the radiation power throughput, due to the increasing number of 

reflections and the imperfect reflectivity of the mirrors.  

Consequently, presented FM TDLAS absorption spectrometer has to be operated with 

an optimal number of reflections in multireflection White type absorption system to achieve 

the highest SNR.  

Tab. 33 shows the values of SNR depending on the number of passes through the 

White-type multipass absorption cell. Values are valid for ArD+ ion at given experimental 

conditions i.e.: the sensitivity limited by the used A/D converter was 1 mV. The time constant 

was 30 ms. The optimal phase was 20 DEG. The modulation frequency was 1.4 kHz. The 

modulation amplitude was 3.7 mV both last named quantities for the case of frequency 

modulation. The modulation amplitude in the case of on of modulation was 1 kHz.  

At conditions encountered above the optimal number of passes for the FM TDLAS 

spectrometer has been found to be 9 passes (20 m) that is the absorption path length into 

which the White cell is adjusted. 
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Absorption path length 

[m]  
SNR 
[-]  

8 3,3 

12 5,0 

16 7,6 

20 12,7 

24 9,2 

28 7,7 

32 4,3 
 

 
Table 33: Dependence of SNR on the optical path length in TDLAS instrument 
 
 
Fig. 23 clearly demonstrates that the maximum value of the signal-to-noise ratio occurs when 

using 9 passes corresponding to the 20 m path length of the beam through the absorption cell. 

While in the lower absorption path length than 20 m the sensitivity of the system is limited by 

the absorption in the higher absorption path length is system sensitivity limited by the 

imperfect reflexivity of the mirrors, interference fringes and unwanted etalons become 

evident. Apart from the optimal path length the Brewster angle input and output mirror could 

be applied in the White type cell. In principle the problem of fringes limitation can be solved 

by subtraction of a zero sample spectrum from the measured spectrum.        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23: Dependence of SNR on the number of signal passes through the cell
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13.3.2  Amplitude and frequency modulation 

In order to increase SNR the modulation techniques have been applied in the presented 

TDLAS instrument. Amplitude modulation sometimes called sample or on-off modulation 

(AM) and frequency modulation (FM) of TDL were capable to effectively increase the SNR as 

can be seen from Tab. 34. For the evaluation of the SNR an approach presented in [160] has 

been used. In the presented experimental set-up the modulation frequency was adjusted 

according to the maximum SNR magnitude. Modulated signal was demodulated on its second 

harmonic frequency by the phase sensitive amplifier (lock-in amplifier). Such amplified signal 

appears in the computer acquisition as a second derivative lineshape (see Fig. 25). Change of 

the modulation frequencies that are presented in [160] was governed largely by the limitation 

of our frequency control system. In the case of on off modulation the signal lineshape remains 

unaffected. However, the penalty is the considerable attention has to be paid to the interaction 

between source modulation and sample production to obtain reproducible results capable for 

analysis. 

 
Table 34: Calculated SNR for amplitude and frequency modulation 
 

Time 
[-] 

SNR AM 
[-] 

SNR FM 
 [-] 

   100 15,9 41,0 

200 17,1 51,6 

300 122,5 85,6 

 

 

In Tab. 34 is a comparison of the SNR for measured absorption spectra using 

amplitude and frequency modulation of the measured averaged signal (100 s, 200 s, 300 s). 

Alternatively to the frequency modulation of the TDL the sample concentration by 

periodically removing it from the cell by switching of the discharge and therefore deleted the 

production of the samples molecules could be applied. However, the considerable attentions 

have to be paid to the modulation frequency and sample pressure to obtain the reproducible 

results. In the table are summarized the results of by optimized modulations recorded lines 

SNR together with the integration time. The results of the amplitude modulation are further 

presented in Fig. 24. As the optimal from the point of view of SNR is the AM. 
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Figure 24: Transition measured using amplitude modulation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25: Transition measured using frequency modulation 
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Figure 26: ArD+ line averaged by a) 1 scan and b) 50 scans measured with FM TDLAS 

 
 
 
 
 
  
  
 
 
 
 
 
 
 
 
Figure 27: ArD+ line averaged by a) 1 scan and b) 50 scans measured with AM TDLAS 

 
In Fig. 26-27 are summarized the examples of measured absorption lines of molecular ion 

ArD+ together with values of SNR derived by the method in [160]. Lines in Fig. 26 were 

obtained by frequency modulation while the lines from Fig. 27 were obtained by discharge 

amplitude modulation. Both figures clearly show an interesting effect by displaying 

simultaneously the absorption at the second harmonic of the frequency modulated TDL and 

on-off modulated that SNR increase with the increase of averaging scans number that is in 

agreement with literature [93]. But the question remaining from the previous studies is: "For 

how long we can make the signal averaging?" 
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13.4  Scans of line peak 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28: Scan of line peak of a) ion ArD+ and b) CN· radical 
 

The long-time scans data were obtained by measuring the line peaks and background spectra. 

In Fig. 28 are shown the examples of the line peak scans containing noise and a linear slope 

(red line) for molecular ion ArD+ and CN· radical. Each recorded spectrum was a 1000 s single 

scan of a measured species line peak. The negative slope in spectrum of CN· radical (Fig. 28b) 

is lower to compare with the spectrum of ion ArD+ (Fig. 28a) with a small linear drift 

component superimposed. The background noise level significantly reduced by the FM was 

obtained by the measurement of non sample region over 1000 s free of studied molecules at 

the same experimental conditions that was during the measuring of the sample. The long time 

scans of a line peak and the background noise level were measured 3 times each because of 

the quality of the measured spectra and the information about the possible change of 

conditions (only in the case of CN· radical has been measured one record of the background). 

After the background subtraction [139] the resulting spectrum was tested by the Allan 

variance method (Part 11). The resulted data are presented in Fig. 17. Similarly, the selected 

molecular models were studied by Allan variance method. 
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14  Results and discussion 

The Allan variance plotted as a function of the integration time leads to the Allan plot (Part 

11). From the Allan plot the stability of both tested instruments could be discussed. First of all, 

the resulted plot is divided into two levels highlight in Fig. 17 by dashed lines. The negative 

slope of the dashed line indicates the white type noise, on the other hand if the slope is 

positive one indicates the drift (see Part 11). The slopes were calculated as an average value 

from the noise dominated in individual parts of Allan variance plot and are used for the 

illustration of the dominated noise type trend. According to the Allan variance plot (see Fig. 

17) the optimal integration time is situated in the intercross of the slopes (see Part 11). 

In Fig. 29 the measured Allan variance is of positive slope if the measured integration 

time (see Part 11) is greater than 135 s. The measured Allan variance is of negative slope 

when the measured integration times are lower than 135 s. These slopes changes in the inertial 

integration time interval in which wavenumbers fluctuations according to the type of noise 

dominate the Allan plot. 

 

 
 

 

 

 

 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 29: Allan plot for ALAVAR TDLAS  a) CN· radical and b) molecular ion ArD+ 
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From the comparison of the Allan variance trends in Fig. 29 it is evident that the slopes of the 

individual parts of Allan variance plot intersect in the point of the optimal integration time. In 

Fig. 29 could be also compared the white noise dominated part of Allan plot of the reactive 

unstable CN· radical with the white noise dominated part of the Allan plot for the molecular 

ion ArD+. The correspondence between the various slopes could be deduced and is 

approximately illustrated in the white noise dominated part of Allan variance plot as the 

similar increasing tendency. This apparent finding depends on the physical phenomena. The 

white noise is suppose to be produced in the tested system mainly by detectors sensor [93] and 

with the knowledge that the value of white noise depends upon the temperature [130, 171] of 

the circuit could be the possible slope tendency explained by the thermal fluctuations and the 

respective change of the movement velocity of charged particles in the sensor. Or alternatively 

if we suggested the sufficient cooling of the detector sensor by the LN2 the slope could be 

influenced by the non-uniform arrival of photons at a detector sensor caused the fluctuations 

[172] that might be counted to the negative slope influence of white dominated part of Allan 

plot. Which of these two alternatives dictates the slope of white noise depends on the actual 

conditions influencing the white noise generation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 30: Allan plot for ALAVAR TDLAS - contribution from the periodic drift  
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It is not object of this thesis to identify quantitatively the ratio between the different white type 

noises. To exclude the temperature influences the signal of the reference detector should be 

used for normalizing. Further investigations into this problem are necessary. 

The second interesting thing that must be taking into account when investigated the 

white noise dominated part of Allan plots for OCS and C3H4 is the contribution from the 

periodic drift. This drift contribution could be seen in Fig. 29 over the averaging time period 

from approximately 100 s to approximately 390 s. Similar contributions have been already 

described in the previous study published by Werle et al. in 1998 [139]. However, there was 

not further explanation for such behavior of the system. More precisely the authors do not 

investigate the physical cause of such fluctuation. The only periodic fluctuation applied during 

the measurement might be the sinusoidal modulation perturbation from frequency modulation 

of the laser source or alternatively could be taking into account the periodic amplitude 

modulation of the discharge. The problem is that the modulation frequency is applied on the 

current tuning the laser source and it is difficult to imagine how such current could be present 

in the sensor of the detector. The presence of modulation fluctuations could be easily 

investigated by the change of the amplitude of the frequency modulation. Since the frequency 

modulation change, the periodic drift amplitude should also change. Such experiment was not 

applied in presented measurement. Alternatively there is also amplitude modulation of the 

discharge. The periodic changes could be produced by the voltage induced from the discharge 

if we take into account non sufficient shielding of the sensor of the detector.  

Another important thing is to look for the values of integration time in which the 

periodic changes occur. The perturbations of the white noise are evidently manifested by an 

alternating variation of Allan variance around a straight line of negative slope. Till now the 

character of the periodic instability of the sensor of the detector remain unknown. But most 

probably from previously mentioned physical phenomena it is the change in bias current rather 

than periodical change in temperature of the sensor that produces such noise.  

However, due to the white noise behavior further averaging improves the measurement 

reproducibility, for example at 400 s integration time a factor of 3 can be obtained in noise 

reduction compare to 100 s (see App. I). In the case of molecular ion the white noise dominate 

till the averaging time has become to the value of 424 s while in the case of CN· radical white 

noise dominate till the optimal averaging time reached the value of 135 s i.e. according to both 

optimal integration times the white noise of molecular ion dominate for approximately 2/3 

longer time than is the optimal averaging time needed to detect the maximal SNR of CN· 

radical at given conditions. Such a characteristic difference is discussed in Part 11. 
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At longer measurement times linear drift effects with positive slope start to dominate. A very 

interesting difference in the positive slope of linear drift of molecular ion ArD+ could be 

further investigate based on the comparison with the linear drift of other species (see Fig. 

31-33). The comparison of the positive slope of the Allan plots for all other species except of 

the molecular ion is approximately similar. The phenomena of instrument drift are ascribed to 

the random trapping and release of current carriers at the surface of a solid [93]. To prevent 

such perturbations in lower integration times a very stable current and temperature controller 

must be applied to stabilize the diode laser. The molecular ion was measured at the similar 

conditions like the CN· radical. Both measurements proceed at room temperature. Both 

species have been produced in the hollow cathode by the discharge. Therefore, such 

significant difference in the positive slope of the drift dominated part of the Allan variance 

plot is rather surprise and cannot be ascribed to the current or temperature difference.  

As the next investigation the data from the peaks of OCS standard (1901.9690 cm-1) 

and C3H4 (1955.4993 cm-1) has been analyzed and evaluated. An example of a log-log Allan 

variance plot calculated from these data obtained is shown in Fig. 31.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31: Allan plot for ALAVAR TDLAS analysis a) OCS and b) C3H4 
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Both stable molecular systems records were averaged over the 1000 s time interval. The 

results of the analysis outline that the Allan plot is according to the system stability divided 

into two parts divided by the value of optimal integration time. The value of optimal 

integration time is for the case of C3H4 approximately 103 s. It means that the white noise 

dominated region is slightly lower than the white noise dominated region presented in the case 

of CN· radical. What is interesting when looking to the white noise dominated part is the 

positive slope at the beginning of the measurement similar to that in the case of CN· radical. 

After approximately 10 s positive slope disappear and typical negative slope for white noise 

become evident. There is no periodic drift in the white noise dominated part of the Allan 

variance plot in the case of C3H4 detection like in the case CN· radical. But there was not 

found the connection with before mentioned trend of positive slope. It could be therefore 

concluded that apart from the positive slope at the first 10 s the Allan variance plots shows 

expected behavior. By the dashed lines denoted calculated trends of the dominant noise type 

are similar to the results obtained by the evaluation of the experimental data obtained for the 

stable molecule OCS. At low integration time white noise dominates and Allan variance 

decreases proportional to the integration time. Moreover, in the case of OCS is also seem the 

contributions from the periodic drift similar like in Fig. 30.  

Fig. 32 shows the Allan plot of reactive unstable molecule O3 which indicates the 

typical dependence [112, 118, 125, 127, 138, 173, 140]. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32: Allan plot for ALAVAR PAS of O3 
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Interestingly, the periodic drift component in the Allan variance plot appears also in the case 

of O3 and CH3OH measured by different detection technique. Moreover, such behavior is 

difficult to explain because an important characteristic of the Allan variance analysis in both 

tested systems is that it is insensitive to the deterministic content of the analyzed signal [125]. 

Surprisingly the periodic drift has not been observed in the case of molecule C3H4 and CN· 

radical therefore further investigation has to be made. It could be also depicted that the Allan 

plots and the resulted optimal integration times.  

The drift influence begins to dominate beyond the optimum integration time. The 

influence of linear drift is shown by the increasing dashed line.  Fig. 32 shows the Allan plot 

of reactive unstable molecule O3 which indicates the typical dependence.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33: Allan plot for ALAVAR PAS of CH3OH 

 

In Fig. 33 is the Allan plot of stable molecule CH3OH. The Allan plot of CH3OH molecule 

exhibits the standard trend. In the low integration times white noise dominates. While in the 

higher integration times the drift dominates. The value 134 s of the optimum integration time 

is indicated. Finally, the contributions from periodic drift also appear similarly like in the 

previous results insist further investigation into this problem. To exclude the modulation The 

Allan plots in Fig. 29, 32 are the main results of the stability of both tested detection systems 

while there were yet not published the Allan variance analysis on detection of reactive 

unstable species. 
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14.1   Optimal integration time 

From the asymptotic log-log representations of the Allan variance <σ2
A(k)>t with its respective 

arguments k (see Part 11) the different values of optimal integration times topt have been 

derived. Practical calculations of the optimal integration times over the values of computed 

Allan variances have been done by the nonlinear regression analysis. The uncertainty of the 

evaluated optimal integration time is given by the uncertainty of the fit. The uncertainty 1 σ  

applied to the last digit fall into the 1/1000 of all resulted values. The approximate values of 

optimal integration times for investigated molecules are summarized in Tab. 35-36.  

 
Table 35: Optimal integration times for TDLAS 
 

Molecule Optimal integration time 
(s) 

C3H4 103 
OCS 132 
CN· radical 135 
ArD+ ion 424 

 
 
Table 36: Optimal integration times for PAS with CO2 laser 

 

 

 

 

 

 

In Tab. 35-36 the optimal integration times of reactive unstable species are highlight by the 

orange color. There is a very interesting difference in the optimal integration time for TDLAS 

setup in the case of molecular ion ArD+ detection in compare with the integration times of 

setups tested by other named molecules.  

Optimal integration times of the stable molecules measured on TDLAS instrument 

span the range from 103 s for C3H4 to 132 s for OCS. Optimal integration time of the stable 

molecule CH3OH measured on PAS instrument was derived as 103 s, respectively. The lack of 

substantial differences in the values of optimal integration time of both experimental systems 

proves that the stability evaluated by concept of the Allan variance is similar for both 

instruments for given conditions and tested molecules. 

Molecule Optimal integration time 
(s) 

CH3OH 103 
O3 127 
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A comparison could be made here with some recently reported studies. The optimal 

integration times from the previous studies on TDLAS are typically of 20 - 120 s, with 

exception of 1000 s measured by FM Stark TDLAS combined with Herriott cell [136]. These 

shows, that the optimal integration times are somewhat higher or of the same value [125, 127, 

128, 136, 140]. 

Optimal integration times of the reactive unstable molecules measured on TDLAS 

instrument span the range from 135 s for CN· radical to 424 s for molecular ion ArD+ and 

optimal integration time of the reactive unstable molecule O3 is 127 s. In these results there is 

a substantial difference in the values of optimal averaging time of the signal for molecular ion 

ArD+ compared with the optimal integration time of CN· radical and O3. 

The main difference between the molecular ion and other reactive molecules is the 

difference in lifetimes of observed molecules measured experimentally by TDLAS or PAS. 

The lifetime of molecular ion ArD+ is about 70 µs. The approximate value of ArD+ lifetime 

determined from the AM TDLAS measurement in present experiment is in a good agreement 

with published results [165]. The lifetime is on the level of milliseconds to seconds for other 

species, including the CN· radical and stable molecules. The time constant of the lock-in 

amplifiers used was 1 s. 

The stability and the resulting detection abilities of the presented instruments can be 

described by the optimal integration times. Because the values of the optimal integration times 

are very similar excluding the value for the molecular ion, the performance in terms optimal 

integration time at given optimized conditions of the presented detection systems in the case of 

species with different reactivity and therefore different lifetimes have been only slightly 

influenced.   

This study demonstrates that the Allan variance approach can also be used to analyze 

the performance of a detection system in the case of detection of species with substantially 

different reactivity and therefore different lifetimes.  
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15  Conclusion and perspectives 

The present investigation of the optimal integration times has complemented the series of 

studies by TDLAS and PAS. The evaluation of optimal integration times of reactive unstable 

species has been presented for the first time.  

The Allan variance was obtained at 1000 s time intervals. The values of optimal 

integration times for molecules C3H4, OCS, CH3OH, O3, and CN· radical are between 103- 

135 s, in contrary to the molecular ion ArD+ that indicates the most sensitive measurements at 

424 s. The explanation of this contradiction lies in substantial difference of lifetime of 

measured ion (microseconds) in comparison to other measured species (seconds and 

milliseconds).  

In the further studies with certain benefit of presented results on TDLAS instrument 

optimalisation and experiences with experimental work with diode laser in IR region could be 

interesting to cover the following problems. 

In particular, it could be interesting to investigate the TDLAS instrument by the 

stability tests based on the Allan variance analysis with detection of the reactive species (O3) 

produced by ozonizer. 

Than, using O3 as a model reactive molecule could be interesting to identify 

quantitatively the ratio between the different white types noises presented in the TDLAS 

instrument by excluding the temperature influences using the signal of the reference detector 

in the separate detection path simultaneously with the detection.  

 Other very interesting problem that remains unsolved is the contribution from the 

periodic drift in the white noise dominated region demonstrated in the Allan plots of  ArD+, 

OCS, O3, and CH3OH. Such investigation could be relatively difficult. One way could be to 

refine the presence of modulation fluctuations by the change of the amplitude of the frequency 

modulation. Since the frequency modulation change, the periodic drift amplitude should also 

change if resulting from modulation. In the case that the drift contributions do not change 

upon the modulation amplitude adjusted, than have to be applied step by step mapping of all 

possible mechanical or electrical contributions. 
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16  Conclusion of dissertation 

In the first part of dissertation a spectroscopic study of CH2I· radical has been presented. The 

main result of this part is the first spectroscopic assignment of CH2I· radical vibronic ground 

state detected in the gas phase.  All measured spectra were numerically analyzed in order to 

obtain the frequency values of individual rotational transitions. The analysis of assigned 

transition frequencies of CH2I· radical made possible to derive the very precise values of the 

ground state rotational, centrifugal distortion, fine and hyperfine structure constants in the Ir 

representation using the Watson's A reduction of Hamiltonian for the straightforward 

comparison with the results obtained from previous studies on CH2X· radicals, where X = F·, 

Cl·, and Br·. Obtained parameters were calculated with the standard deviation 29.0 kHz (S 

reduction was also calculated with slightly worse value of standard deviation, 29.4 kHz, that is 

slightly larger than that obtained in the A reduction of the Hamiltonian) see App. V.  

The calculated values of derived molecular constants were compared with the values 

of the molecular constants obtained from previous studies on CH2X· radicals. Derived values 

of rotational constants made possible to unambiguously confirm the C2v molecular symmetry 

of the vibronic ground state and consequently the planarity of the radical. The latter is 

compared with the values obtained for CH2X· radicals based on the calculation of inertial 

defect (see Part.). 

The analysis of the rotational constants allowed obtaining the ground state molecular 

parameters: r(C-I), and r(C-H), which compare well with the initial predictions and are very 

close to that obtained by ab initio calculations.  

Furthermore the difference of r(C-I) bond length magnitude exists and is discussed. 

The fine and hyperfine structure has been characterized and interpreted in terms of electronic 

structure owing to the interactions of the iodine and hydrogen nuclear spins and influenced the 

bonding properties.  

Furthermore, the results of presented high resolution analysis of CH2I· radical ground 

state allowed the analysis of vibrational or electronic spectra significantly easier and, 

identification of the CH2I· radical in such experiments more definitive if the ground state 

constants agree to within the error. 

 The millimeter- wave data provided essential information for spectroscopic methods 

applicable to thermodynamic and kinetic modeling of atmospheric and flame chemistry that 

are the particular aims of the thesis applications. 
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In the second part of dissertation the concept of the Allan variance has been utilized to test the 

detection abilities of two powerful experimental methods for trace gas monitoring: diode-laser 

and CO2 laser spectrometry.  

The main result of this part is the determination of the optimal integration time values 

for the detection of ArD+ ion and CN· radical measured by diode laser spectrometer and the 

determination of optimal averaging time values for the detection of O3 by photoacoustic 

spectrometer with CO2 laser at given experimental conditions. 

Named techniques were tested by the detection of stable molecules: carbonyl sulfide 

(OCS), 1,2-propadien (C3H4), and methanol (CH3OH), and by the detection of reactive 

unstable molecules: ozone (O3·), cyano radical (CN·) and argon deuterium ion (ArD+). 

Individual isolated lines components of named molecules in the gas phase were 

deconvoluted by non-linear profile function to obtain the center position of line profile.  

The experimental conditions were optimized to obtain the signal to noise ratio 

maximum for minimum detectable concentrations. Namely the optimalisation of modulation 

parameters and the optimal path length at given experimental conditions were presented. 

The individual steps of Allan variance determination for presented molecules have 

been demonstrated. The stability was conveniently ascribed by Allan variance plot 

dependences with depicted values of optimal averaging times for detection of selected spectral 

line transitions of stable and reactive unstable molecules at given experimental conditions.  

The discussion on the presence of white noise and frequency noise components 

dependences on operating regions at given setups is presented. 

 The presented analysis lead to calculation of the values of optimal integration times 

CH3OH (132 s), O3· (127 s) measured by PAS with CO2 laser and OCS (132 s), C3H4 (103 s), 

ArD+ ion (424 s) and CN· radical (135) measured by IR diode laser spectroscopy.  

The presented results could be further improved by 1) application of numerical 

methods with higher accuracy; 2) critical evaluation of individual steps of demonstrated 

approach for obtaining the optimal integration times. The results could be further applied for 

the quantitative evaluation of the noise components produced by the different parts of the 

spectrometer, which are not discussed in presented dissertation, namely the thermal and shot 

noise ratio of used detector and frequency noise of the source.   

Finally could be concluded that the obtained results of dissertation have undisputable 

contribution in the field of molecular spectroscopy, atmospheric chemistry and fire protection 

and safety as well.  
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17   Závěr diserta ční práce 
 
V první části této disertační práce je prezentována spektroskopická studie radikálu CH2I·. 

Nejvýznamnějším výsledkem této části je první přiřazení spekter základního vibronického 

stavu radikálu CH2I· v plynném skupenství.  

Všechna změřená spektra byla numericky zpracována za účelem získání hodnot 

frekvencí jednotlivých rotačních přechodů. Analýzou frekvenčních přechodů radikálu CH2I· 

bylo možné získat velmi přesné hodnoty rotačních a centrifugálně distorzních konstant  a 

konstant jemného a hyperjemného štěpení v Ir representaci ve Watsonově A redukci 

Hamiltoniánu za účelem jejich porovnání s konstantami získanými z předchozích studií 

radikálů CH2X·, kde X = F·, Cl·, a Br·.  Parametry byly vypočítány se standardní odchylkou 

29.0 kHz (vypočítány byly také  v S redukci s mírně horší hodnotou standardní odchylky, 29.4 

kHz, která je větší než u parametrů získaných v A redukci Hamiltoniánu) viz. App. V.  

Vypočítané hodnoty rotačních konstant byly porovnány s hodnotami rotačních 

konstant z předchozích studií radikálů CH2X·. Na základě hodnot vypočítaných rotačních 

konstant bylo možné potvrdit molekulovou symetrii C2v základního vibronického stavu a 

jednoznačně určit planární strukturu této molekuly. Planární struktura radikálu CH2I· 

v základním vibronickém stavu byla na základě hodnoty rozdílů momentů setrvačnosti 

porovnána s hodnotami rozdílů momentů setrvačnosti radikálů CH2X·. 

Na základě analýzy rotačních konstant bylo také možné vypočítat molekulové 

parametry základního vibronického stavu této molekuly jmenovitě: hodnoty mezijaderných 

vzdáleností r(C-I), a r(C-H), které se shodovali s hodnotami mezijaderných vzdáleností 

ze vstupních predikcí a které byly správností blízké hodnotám získaným z ab initio výpočtů.   

Byly zjištěny a diskutovány rozdíly ve velikostech délky r(C-I) vazby. Byly 

charakterizována a interpretována jemná a hyperjemná štěpení jako důsledek vzájemných 

interakcí jaderného spinu atomu jodu, jaderného spinu atomu vodíku a nepárového elektronu.  

Výsledky detailní analýzy vysoce rozlišených spekter radikálu CH2I· v základním 

vibronickém stavu mohou být v budoucnu použity k predikci a identifikaci vibračních nebo 

elektronových spekter tohoto radikálu v infračervené nebo viditelné oblasti spektra. 

Takto získaná data umožňují jednoznačnou spektrální identifikaci tohoto radikálu 

v přímých spektroskopických měřeních a umožní tak získat informace důležité k aplikacím 

v termodynamických a kinetických modelech atmosférické chemie a chemie hoření 

jodovaných sloučenin jenž jsou hlavními oblastmi aplikace výsledků této disertační práce. 
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Ve druhé části této disertační práce je prezentována aplikace konceptu Allanových variancí k 

testování detekčních možností laser diodového spektrometru a fotoakustického spektrometru s 

CO2 laserem. 

Nejvýznamnějším výsledkem této studie jsou vůbec poprvé získané hodnoty 

optimálních integračních časů reaktivních nestabilních molekul - ionu ArD+ a radikálu CN· 

změřených pomocí laser diodového spektrometru a hodnoty optimálního integračního času pro 

měření O3 pomocí PAS s CO2 laserem zadaných experimentálních podmínek. 

Testování těchto technik bylo provedeno na základě výsledků měření stabilních 

molekul: karbonyl sulfidu (OCS), 1,2-propadienu (C3H4), methanolu (CH3OH) a reaktivních 

nestabilních molekul: ozonu (O3), kyano radikálu (CN·) a iontu argon deuteria (ArD+).  

Izolované absorpční linie spekter jmenovaných molekul v plynném skupenství byly  

numericky zanalyzovány vhodnou profilovou funkcí a na základě této analýzy získány středy 

jednotlivých absorpčních pásů k identifikaci těchto molekul v IR oblasti spektra. 

Experimentální podmínky měření vybranými technikami byly optimalizovány 

k získání maximálního poměru signálu k šumu pro minimální detegovatelné koncentrace 

studovaných plynů. Jmenovitě byly v práci prezentovány optimální modulační parametry                 

a délka absorpční dráhy. 

Byly demonstrovány dílčí kroky postupu k určení Allanových variancí pro detekci 

jmenovaných molekul. Stabilita měření byla formálně popsaná Allanovými grafy s hodnotami 

optimálních průměrovacích časů měření pro detekci vybraných stabilních a reaktivních 

nestabilních molekul za daných experimentálních podmínek.  

Byla provedena diskuze komponent bílého a frekvenčního šumu v měřících sestavách 

v závislosti na experimentálních podmínkách.  

Presentovaná analýza vedla ke zjištění optimálních průměrovacích časů τopt pro 

CH3OH (132 s), O3 (127 s) změřených pomocí CO2 laser fotoakustické spektroskopie a OCS 

(132 s), C3H4 (103 s), ionu ArD+ (424 s) a radikálu CN· (135) změřených pomocí IR laser 

diodové spektroskopie.  

Výsledky analýz Allanovými variancemi mohou být dále zlepšovány v závislosti na 1) 

použitých numerických metodách; 2) na posouzení jednotlivých dílčích kroků postupu 

vedoucího k získání optimálních průměrovacích časů a dále aplikovány ke kvantitativnímu 

určení šumů produkovaných různými komponentami spektrometru, které v práci nejsou 

diskutovány, jmenovitě pro stanovení poměru tepelného a výstřelkového šumu použitého 

detektoru a frekvenčního šumu zdroje záření. 

Závěrem lze konstatovat, že výsledky získané v rámci této disertační práce jsou 

významným přínosem v oblasti molekulové spektroskopie a lze je aplikovat pro studium 

atmosférické chemie i procesů hoření.  
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18 Conclusion de Thèse 

La première partie de cette thèse présente l'étude spectroscopique des radicaux CH2I·. Le 

résultat le plus important de cette section est la première identification spectroscopique du 

CH2I· radical vibrationnel détecté à son niveau fondamental dans la phase gazeuse. 

Tous les spectres mesurés ont été traités numériquement pour obtenir la fréquence de 

chaque transition spectrale. L’analyse des transitions de fréquence de vibration du radical 

CH2I· dans son état fondamental permet d’obtenir des valeurs très précises des constantes de 

rotation, de distorsion centrifuge et les constantes de structures fine et hyperfine dans la 

représentation Ir de la réduction A Hamiltonienne de Watson afin de les comparer avec les 

constantes obtenues à partir des études précédentes des radicaux CH2X·, où X = F·, Cl· et Br·. 

Les paramètres ont été calculés avec un écart type de 29,0 kHz (la réduction de la S a aussi été 

calculée, avec un écart légèrement inférieur à la norme, 29,4 kHz, ce qui est légèrement plus 

grand que les paramètres obtenus dans la réduction de l'Hamiltonien A) App. V.Les valeurs 

calculées des constantes de rotation ont été comparées avec les constantes de rotation des 

radicaux CH2X·. La symétrie moléculaire du C2v dans son état vibrationnel fondamental a été 

confirmée sur la base des valeurs du rotationnel calculées qui ont également permises 

d'identifier clairement la structure plane de cette molécule. Cette structure plane du radical 

CH2I· dans son état vibrationnel fondamental est fondée sur la valeur du défaut d'inertie par 

rapport aux défauts d'inertie des radicaux CH2X· .Sur la base de l'analyse des constantes de 

rotation, il a également été possible de calculer les paramètres moléculaires de l'état 

vibrationnel fondamental ; à savoir: r(C-I), et r(C-H), r représentant la distance entre noyaux 

atomiques. Ces dernières ont coïncidé avec les valeurs prévisionnelles et ont été proches de 

celles obtenues ab initio.De plus, des différences dans la valeur de l’amplitude de r(C-I) ont 

été identifiées et développées dans cette thèse. Les structures fine et hyperfine ont été 

caractérisées et interprétées en terme de structure électronique due aux interactions spin-spin 

entre l’iode et l’hydrogène influançant ainsi les propriétés des interactions entre atomes. 

Les résultats de l'analyse détaillée des spectres des radicaux CH2I· dans leur état 

vibrationnel fondamental peut à l'avenir être utilisé pour la prédiction et l'identification des 

spectres vibrationnels ou électroniques des radicaux dans les spectres infrarouge ou visible. 

Ces données permettent d'identifier sans équivoque le spectre de ce radical par des mesures 

spectroscopiques directes et permettent d'obtenir des informations pertinentes pour des 

applications dans des modèles thermodynamiques et cinétiques de la chimie atmosphérique et 

de la chimie de combustion des composés iodés qui sont les principaux domaines d'application 

des résultats de cette thèse. 
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Dans la deuxième partie de cette thèse l'application de la variance d'Allan est présentée et 

utilisée de manière à tester la qualité de détection d'un spectromètre à diode laser et d'un 

spectromètre photoacoustique à laser CO2. 

Le résultat le plus important de cette étude, mis en avant pour la première fois, 

présente les valeurs de temps d'intégration optimal pour la détection de l’ion ArD+ et du 

radical CN· à l'aide d'un spectromètre laser à diode et les valeurs du temps d'intégration 

optimal pour la détection de O3 utilisant un spectromètre photoacoustique à laser CO2 dans les 

conditions de laboratoire. 

Ces techniques ont été testées sur la base de détection de molécules stables: le sulfure 

de carbonyle (OCS), le 1,2-propadien (C3H4), le méthanol (CH3OH) et sur la détection des 

molécules instables: l'ozone (O3), cyano ion radical (CN·) et de l'argon deutérium (ArD+). 

Les spectres de raies d'absorption des molécules nommées dans la phase gazeuse ont 

été déconvolués par les fonctions de profil approprié sur la base de cette analyse, pour obtenir 

la position centrale du profil spectral  dans le spectre infrarouge. 

Les conditions expérimentales ont été optimisées pour obtenir un signal maximal de 

bruit pour les concentrations de gaz minimales étudiées. A savoir, une modulation des 

paramètres optimaux et la longueur du chemin d'absorption. 

Les sous-étapes de la procédure de détermination des écarts d'Allan ont été démontrées 

pour la détection des molécules étudiées. La stabilité a été formellement décrites par les 

graphiques de la variance d’Allan avec les valeurs optimales des temps de détection des raies 

sélectionnées de certaines molécules stables ou instable dans les conditions expérimentales. 

La présence de bruit blanc et de bruit dû à la variantion de fréquence (bruit rose) avec 

les configurations de mesure utilisés a été présentée. 

L'analyse présentée conduit au calcul des valeurs des temps d’intégration optimaux 

pour CH3OH (132 s), O3 (127 s), mesurée par spectroscopie photoacoustique à laser CO2 et 

OCS (132 s), C3H4 (103 s), ion ArD+ (424 s) et le radical CN· (135) mesurée par spectroscopie 

infrarouge à diode laser. 

Les résultats de l'analyse de la variance d’Allan pourraient encore être améliorés en 

fonction de 1) la précision des méthodes numériques, 2) l’évaluation critique de chaque étape 

de la procédure conduisant à l'obtention du temps d’intégration optimal. Ceux-ci pourraient 

ensuite être appliqués pour la détermination quantitative du bruit généré par les différents 

composants du spectromètre par exemple celui généré par la source ou encore les bruits 

thermique ou electrique du détecteur, points qui ne sont pas abordés dans cette thèse. 

En conclusion, les résultats obtenus dans cette thèse sont une contribution importante dans 

le domaine de la spectroscopie moléculaire et peuvent être appliqués dans le domaine de la 

chimie atmosphérique et l’étude des processus de combustion. 
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20 Lists of abbreviations and symbols  

Abbreviation Name 

A/D converter analogue to digital converter 

AM amplitude modulation ("on-off modulation") 

AVAR Allan variance 

DC direct current 

FFT fast Fourier transform 

FM frequency modulation 

FTIR Fourier transform infrared 

halons halogenated hydrocarbons 

ISO International Organization for Standardization 

IR infrared 

LHe liquid helium 

LN2 liquid nitrogen 

MIR mid infrared region (≈ 200 cm-1 - 4000 cm-1) 19 

MMW millimetre-wave 

NIR near infrared region (≈ 12 500 cm-1 - 4000 cm-1)19 

PAS photoacoustic spectroscopy 

PE photoelectron 

ppb parts-per-billion 

ppt parts-per-trillion 

QCL quantum cascade laser 

RC generator resistor - capacity generator 

SNR signal to noise ratio 

TDLAS tunable diode-laser absorption spectroscopy 

UV ultraviolet  

WMS wavelength modulation spectroscopy 

                                                 
19           Values taken from [80] 



                                                                                              List of abbreviations and symbols 

                                                                                                                           99 

Symbols 20 Interpretation Unit 

A largest rotational constant of an asymmetric rotor MHz 

B intermediate rotational constant of an asymmetric rotor MHz 

C smallest rotational constant of an asymmetric rotor MHz 

∆N N2(N+1)2 Quartic Centrifugal Distortion constant MHz 

∆NK N(N+1)K2 Quartic Centrifugal Distortion constant MHz 

∆K K4 Quartic Centrifugal Distortion constant MHz 

δN ″Delta N″ off diagonal Quartic Centrifugal Distortion constant MHz 

δK ″Delta K″ off diagonal Quartic Centrifugal Distortion constant MHz 

ΦN N3(N+1)3 Sextic Centrifugal Distortion constant MHz 

ΦNK N2(N+1)2K2 Sextic Centrifugal Distortion constant MHz 

ΦKN N(N+1)K4 Sextic Centrifugal Distortion constant MHz 

εαα components of Spin Rotation constant  constant MHz 
S
∆N, S∆NK, S∆K Quartic Spin Rotation constant MHz 

SδN, SδK Quartic Spin Rotation constant MHz 

aF  Nuclear spin - electron spin Fermi Contact interaction MHz 

Tαα components of Nuclear spin - electron spin dipole dipole 
interaction  

MHz 

χαα components of Nuclear Quadrupole interaction MHz 

Cαα  components of Nuclear Spin - Rotation interaction  MHz 

σ standard deviation - 

N rotational angular momentum  (excluding electron and nuclear 
spin) 

- 

J total angular momentum excluding nuclear spin (J = N + S) - 

Κ projection of N onto the inertial axis  - 

Ka projection of N onto the a inertial axis - 

Kc projection of N onto the c inertial axis. - 

IH nuclear spin of hydrogen - 

∆0 inertial defect amu. Å2 
s, p 

 
s, p character of un-paired electron density  % 

 

                                                 
20 The symbols for rotation spectroscopy are taken from [177, 178]  
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Symbols 21 Interpretation  Unit 

i, s, l, L  indexes - 

N total number of elements (measured data) [-] 

k group bin-size [-] 

M number of elements in each subgroup, M = N/k [-] 

AS arithmetical mean of elements, where s is the index [a.u.] 

S(f) spectral density function (frequency domain stability) [a.u.] 

x values of measured data - 

vn
2 simple variance, where n denotes the subgroup number [a.u.] 

Var(An) variance of the mean  [a.u.] 

An average value for M subsets containing k elements - 

e
 ensemble average - 

vA
2

e
 ensemble average of Allan variance  [a.u.] 

vA
2

t
 time average of Allan variance  [a.u.] 

vA
2 k^ h t

 time average of Allan variance function of the group bin-size k [a.u.] 

µ given noise type - 

B1 M,r,n^ h bias function - 

cWhite noise  constant characterizes white noise [a.u.] 

c1/f  characterizes 1/f noise (pink noise) [a.u.] 

cdrift,a  constant characterizes system drift [a.u.] 

α characterizes the type of the system drift [-] 

τ integration time [s] 

   

   

   

   

   

                                                 
21 The symbols for Chapter 2: "Allan variance for optimal signal averaging" are taken from [125]  



                                                                                                                               List of figures 

                                                                                                                           101 

21 List of figures 

Figure 1: CH2I· radical with denoted symmetry elements.........................................................12 

Figure 2: Up and down scans of CH2I· radical transition..........................................................24 

Figure 3: Scheme of the used absorption cell adapted for CH2I· radical production ................25 

Figure 4: Photo and scheme of the used (1) discharge cell (2) tuning stubs .............................26 

Figure 5: (1) container with CH2I2 (2) container with CH3I (3) heating (4) dark paper............27 

Figure 6: (1-2) Permanent magnets above the horizontal crosspiece (3) MW discharge..........30 

Figure 7: The radical and non-radical spectra measured without external magnetic field........31 

Figure 8: The radical and non-radical spectra measured with external magnetic field .............31 

Figure 9: An example of detected fine and hyperfine structure of CH2I· radical......................32 

Figure 10: Stick diagrams of the observed absorption spectra between 200 - 240 GHz...........36 

Figure 11: Trend in εaa components of CH2X· radicals (MHz) .................................................43 

Figure 12: Trend in εbb components of CH2X· radicals (MHz).................................................43 

Figure 13: Trend in εcc components of CH2X· radicals (MHz) .................................................44 

Figure 14: Ground state iodine Fermi contact interaction constants of CH2X· radicals............46 

Figure 15: G.S. anisotropic dipolar interaction constant components of CH2X·.......................48 

Figure 16: G.S. nuclear spin rotation constant caa components .................................................51 

Figure 17: Allan-Plot with denoted white noise and drift components. ....................................65 

Figure 18: Selected line: spectrum of a) Ge etalon, b) C3H4, and c) ArD+ ...............................69 

Figure 19: Selected line: spectrum of CH3OH vs. CO2 laser emission spectrum......................71 

Figure 20: Selected line: spectrum of O3 vs. CO2 laser emission spectrum. .............................71 

Figure 21: Reference absorption spectrum of C3H4 ..................................................................73 

Figure 22: Reference absorption spectrum of C3H4 ..................................................................73 

Figure 23: Dependence of SNR on the number of signal passes through the cell.....................76 

Figure 24: Transition measured using amplitude modulation ...................................................78 

Figure 25: Transition measured using frequency modulation ...................................................78 

Figure 26: ArD+ line averaged by a) 1 scan and b) 50 scans measured with FM TDLAS........79 

Figure 27: ArD+ line averaged by a) 1 scan and b) 50 scans measured with AM TDLAS .......79 

Figure 28: Scan of line peak of a) ion ArD+ and b) CN· radical................................................80 

Figure 29: Allan plot for ALAVAR TDLAS a) CN· radical and b) molecular ion ArD+ .........81 

Figure 30: Allan plot for ALAVAR TDLAS - contribution from the periodic drift .................82 

Figure 31: Allan plot for ALAVAR TDLAS analysis a) OCS and b) C3H4 .............................84 

Figure 32: Allan plot for ALAVAR PAS of O3 ........................................................................85 

Figure 33: Allan plot for ALAVAR PAS of CH3OH................................................................86 



                                                                                                                                 List of tables 

                                                                                                                           102 

22  List of tables  

Table 1: Primary reaction of the most abundant iodinated compounds ......................................2 

Table 2: Recombination reactions of CH3I molecule..................................................................5 

Table 3: The characters table of the C2v point group of symmetry............................................13 

Table 4: Symmetry of CH2I· radical rotational wave function..................................................15 

Table 5: Proton spin functions for two identical hydrogen nuclei.............................................16 

Table 6: Symmetry of the total wave function of the CH2I· radical ..........................................17 

Table 7: Chemicals used for experimental generation of CH2I· radical ....................................26 

Table 8: Primary reactions with CH3I as precursor ...................................................................28 

Table 9: Secondary reactions with CH3I as precursor...............................................................28 

Table 10: Primary reactions with CH2I2 as precursor................................................................28 

Table 11: Secondary reactions with CH2I2 as precursor............................................................28 

Table 12: G.S. rotational constants and inertial defects of CH2X· radicals (amu.Å2, MHz).....37 

Table 13: G.S. and equilibrium molecular parameters of CH2X· radicals (Å, DEG)................38 

Table 14: C-H bond lengths of CH2X· radicals and CH3X molecules (Å)................................39 

Table 15: C-X bond lengths of CH2X· radicals and CH3X molecules (Å)................................39 

Table 16: G.S. centrifugal distortion constants of CH2X· radicals (MHz)................................40 

Table 17: G.S. fine coupling constants of CH2X· radicals (MHz) ............................................42 

Table 18: Fine coupling centrifugal distortion constants of CH2X· radicals (MHz) .................44 

Table 19: Ground state Fermi contact interaction constants of CH2X· radicals (MHz)............45 

Table 20: G.S. Fermi contact interaction constants of CH2X· radicals (MHz) .........................46 

Table 21: Unpaired electron density on X (%)..........................................................................47 

Table 22: G.S. Electron spin-nuclear spin dipole-dipole coupl. constants of iodine atom........48 

Table 23: Un-paired electron density on X atoms (%)..............................................................49 

Table 24: G.S. Electron spin-nuclear spin dipole-dipole coupling constants of H atom...........49 

Table 25: G.S. quadrupole coupling constants of CH2X· radicals (MHz).................................50 

Table 26: G.S. quadrupole coupling constants of CH2X· radicals (MHz).................................50 

Table 27: G.S. quadrupole coupling constants of CH2X· radicals (MHz).................................51 

Table 28: Summarized previous studies on TDLAS.................................................................58 

Table 29: Summarized previous studies on PAS.......................................................................58 

Table 30: Summarized previous studies on other techniques....................................................58 

Table 31: Selected isolated lines positions of investigated molecules ......................................66 

Table 32: Chemicals used for experiment .................................................................................67 

Table 33: Dependence of SNR on the optical path length in TDLAS instrument ....................76 



                                                                                                                                 List of tables 

                                                                                                                           103 

Table 34: Calculated SNR for amplitude and frequency modulation........................................77 

Table 35: Optimal integration times for TDLAS ......................................................................87 

Table 36: Optimal integration times for PAS with CO2 laser ...................................................87 



                                                                                                                                     References 

                                                                                                                           104 

23  References 

1 RAMA, K. - PASHA, M. A.Ultrasound promoted regioselective synthesis of β-
iodoethers from olefin-I2-alcohol. Ultrasonics Sonochemistry, 2005, vol. 12, no. 6, p. 
437–440. 

2 SOLOMON, S. - GARCIA, R. R. - RAVISHANKARA, A.R. On the role of iodine in 
ozone depletion. Journal of Geophysical Research, 1994, vol. 99, no. D10, p. 491-499. 

3 CICERONE, R. J. - STOLARSKI, R. S. - WALTERS, S. Stratospheric ozone 
destruction by man-made chlorofluoromethanes. Science, 1974, vol.185, no. 4157, p. 
1165-1167.  

4 MOLINA, M. J. - ROWLAND, F. S. Stratospheric sink for chlorofluoromethanes: 
chlorine atomic-catalysed destruction of ozone. Nature, 1974, vol. 249, no. 5460, p. 
810-814.  

5 RUSSELL, J. M. - LUO, M. - CICERONE, L. J. - DEAVER, L. D. Satellite 
confirmation of the dominance of chlorofluorocarbons in the global stratospheric 
chlorine budget. Nature, 1996, vol. 379, no. 6565, p. 526-529. 

6 NEWMAN, P. A. - GLEASON, J. F. - PETERS, R. D. - STOLARSKI, R. S. 
Anomalously low ozone over the Arctic. Geophysical Research Letters, 1997, vol. 24, 
no. 22, p. 2689-2692. 

7 SHON, Z. H. - KIM, N. Modeling study of halogen chemistry's role in marine 
boundary layer ozone. Atmospheric Environment, 2002, vol. 36, no. 27, p. 4289-4298. 

8 CARPENTER, L. J. Iodine in the marine boundary layer. Chemical Reviews, 2003, 
vol. 103, no. 12, p. 4953-4962. 

9 PLATT, U. - WAGNER, T. Satellite mapping of enhanced BrO concentrations in the 
troposphere. Nature, 1998, vol. 395, no. 6701, p. 486-490. 

10 GLASOW, R. Atmospheric chemistry: Sun, sea and ozone destruction. Nature, 2008, 
vol. 453, no. 7199, p. 1195-1196. 

11 ROWLAND, F. S. - MOLINA, M. J. Chlorofluoromethanes in the environment. 
Reviews of Geophysics, 1975, vol. 13, no. 1, p. 1-35. 

12 SOLOMON, S. Stratospheric ozone depletion: a review of concept and history. 
Reviews of Geophysics, 1999, vol. 37, no. 3, p. 275-316. 

13 ROWLAND, F. S. - SPENCER, J. E. - MOLINA, M. J. Stratospheric formation and 
photolysis of chlorine nitrate. The Journal of Physical Chemistry, 1976, vol. 80, no. 
24, p. 2711-2713. 

14 MOLINA, M. J. - TSO, T. - MOLINA, L. T. - WANG, F. C. Y. Antarctic 
Stratospheric Chemistry of Chlorine Nitrate, Hydrogen Chloride, and Ice: Release of 
Active Chlorine. Science, 1987, vol. 238, no. 4831, p. 1253 -1257. 

15 DUFOUR, G. - NASSAR, R. - BOONE, C. D. - SKELTON, R. - WALKER, K. A. - 
BERNARTH, P. F. - RINSLAND, C. P. - SEMENIUK, K. - JIN, J. J. - McCONNEL, 
J. C. - MANNEY, G. L. Partitioning between the inorganic chlorine reservoirs HCl 
and ClONO2 during the Arctic winter 2005 from the ACE-FTS. Atmospheric 
Chemistry and Physics, 2006, vol. 6, no. 8, p. 2355–2366. 



                                                                                                                                     References 

                                                                                                                           105 

16 SANTEE, M. L. - MacKENZIE, I. A. - MANNEY, G. L. - LIVESEY, N. J. - 
FROIDEVAUX, J. - BERNARTH, P. F. - NASSAR, N. - WALKER, K. A. - BOONE, 
C. D. - CHIPPERFIELD, M. P. A study of stratospheric chlorine partitioning in the 
winter polar vortices based on new satellite measurements and modeling. Geophysical 
Research Abstracts, 2006, vol. 8, p. 08460. 

17 YUNG, L. - PINTO, J. P. - WATSON, R. T. - SANDER, S. P. Atmospheric bromine 
and ozone perturbations in the lower stratosphere. Journal of the Atmospheric 
Sciences, 1980, vol. 37, no. 2, p. 339-353. 

18 GARCIA, R. R. - SOLOMON, S. A new numerical model of the middle atmosphere. 
Journal of Geophysical Research, 1994, vol. 99, no. D6, p. 12,937-12,951. 

19 YAGI, K. - WILLIAMS, J. - WANG, N. Y. - CICERONE, R. J. Atmospheric methyl-
bromide from agricultural soil. Science, 1995, vol. 26, no. 5206, p. 1979-1981. 

20 ORLANDO, J. J. - TYNDALL, G. S. - WALLINGTON, T. J. - DILL, M. 
Atmospheric chemistry of CH2Br2: Rate coefficients for its reaction with Cl atoms and 
OH and the chemistry of the CHBr2O radical. International Journal of Chemical 
Kinetics, 1996, vol. 28, no. 6, p. 433-442. 

21 SANTEE, M. L. Validation of the aura microwave limb sounder ClO· measurements. 
Journal of Geophysical Research, 2008, vol.113, p.  D15S22. 

22 KOLESNÍKOVÁ, L. - VARGA, J. - BECKERS, H. - ŠIMEČKOVÁ, M. - 
ZELINGER, Z. - NOVÁ STŘÍTENSKÁ, L. - KANIA, P. - WILLNER, H. - URBAN, 
Š. Detailed study of fine and hyperfine structures in rotational spectra of the free 
fluoroformyloxyl radical FCO2. Journal of Chemical Physics, 2008, vol. 128, no. 22, 
p. 224302-1-224302-8.  

23 KOLESNÍKOVÁ, L. - VARGA, J. - NOVÁ STŘÍTENSKÁ, L. - BECKERS, H., 
WILLNER, H. - AUBKE, F. - URBAN, Š. The ground state rotational spectrum of the 
fluorosulfate radical. The Journal of Chemical Physics, 2009, vol. 130, no. 18, p. 
184309-1-184309-9. 

24 BUTZ, A. - BOSH, H. - CAMY-PEYRET, C. - CHIPPERFIELD, M. P. - DORF, M. - 
KREYCY, S. - KRITTEN, S. - PRADOS, R. C. - SCHWARTZLE, J. - 
PFEILSTICKER, K. Constraints on inorganic gaseous iodine in the tropical upper 
troposphere and stratosphere inferred from balloon-borne solar occultation 
observations. Atmospheric Chemistry and Physics, 2009, vol. 9, no. 4, p. 14645-14681. 

25 BAUGHCUM, S. L. - LEONE, S. R. Photofragmentation infrared emission studies of 
vibrationally excited free radicals CH3 and CH2I. Journal of Chemical Physics, 1980, 
vol. 72, no. 12, p. 6531-6545. 

26 KAMBANIS, K. G. - LAZAROU, Y. G. - PAPAGIANNAKOPOULOS, P. Absolute 
reaction rate of chlorine atoms with iodomethane. Chemical Physics Letters, 1997 vol. 
268, no. 5-6, p. 498-504.   

27 VOGT, R. - SANDER, R. - GLASOW, R. - CRUTZEN, P. J. Iodine chemistry and its 
role in halogen activation and ozone loss in the marine boundary layer: A model study. 
Journal of Atmospheric Chemistry, 1999, vol. 32, no. 3, p. 375-395. 

28 ENAMI, S. - UEDA, J. - GOTO, M. - NAKANO, Y. - ALOISIO, S. - HASHIMOTO, 
S. - KAWASAKI, M. Formation of iodine monoxide radical from the reaction of CH2I 
with O2. The Journal of Physical Chemistry A, 2004, vol. 108, no. 30, p. 6347- 6350. 

29 MASAKI, A. - TSUNASHIMA, S. - WASHIDA, N. Rate constants for reactions of 
substituted methyl radicals (CH2OCH3, CH2NH2, CH2I, and CH2CN) with O2. The 
Journal of Chemical Physics, 1995, vol.99, no. 35, p. 13126-13131. 



                                                                                                                                     References 

                                                                                                                           106 

30 GLASSMAN, I., YETTER, R. A.: Combustion. 4th ed. USA: Academic Press, 2008. 
800 p. ISBN 9780120885732.  

31 KUO, K. Principles of Combustion. 2nd ed. USA (New Jersey): Wiley-Interscience, 
2005. 760 p. ISBN 0471046892. 

32 HAGEN, A. F. - CHRISTIAN, S. D. - TUCKEN, E. E. - SLIEPCEVICH, C. M. - 
LOTT, J. R. Flame extinguishment composition and method of making and using 
same. USA A62C, WO/1998/050111, 1998-11-12. 

33 BURDON, M. C. - BURGOYNE, J. H. - WEINBERG, F. J.  The effect of methyl 
bromide on the combustion of some fuel-air mixtures. In 5th International Symposium 
on Combustion, 1955, vol. 5, no.1, p. 647-651. 

34 SEMENOV, N. V. Some problems in chemical kinetics and reactivity. 1st ed. 
Princeton: Princeton University Press, 1959, vol. 1, 239 p. ISBN-13 978-0691080376. 

35 DAY, M. J. - STAMP, D. V. - THOMPSON, K. - DIXON-LEWIS, G. Inhibitory 
Effects of Solid Inhibitors on Gaseous Combustible Mixtures. In 13th International 
Symposium on Combustion, 1971, vol. 13, no. 1, p. 705-711.  

36 BABUSHOK, V. - TSANG, W. - LINTERIS, G. T. - REINELT, D. Chemical Limits 
to Flame Inhibition. Combustion and Flame, 1998, vol. 115, no. 4, p. 551-560. 

37 TAPSCOTT, R. E. - SHEINSON, R. S. - BABUSHOK, V. - NYDEN, M. R. - GANN, 
R. G. Alternative fire suppressant chemicals: A research review with 
recommendations. NIST Technical Note 1443, National institute of Standards and 
Technology, Washington, 2001. 

38 McILROY, A. - BRADY, B. - MARSHALL, P. Hydrogen flame suppression by CF3I. 
Sandia National Laboratories, 1998, report number: SAND-98-845/C. 

39 MARSHALL, P. - MISHRA, A. - BERRY, R. J. Computational studies of the 
reactions of CH3I with H and OH. Chemical Physics Letters, 1997, vol. 265, no. 1-2, p. 
48-54. 

40 BABUSHOCK, V. - TSANG, W. Inhibitor rankings for alkane combustion. 
Combustion and Flame, 2000, vol. 123, no. 4, p. 488-506. 

41 NOTO, T. - BABUSHOK, V. - BURGESS, D. R. - HAMINS, A. - TSANG, W. - 
Miiolek. Effect of halogenated flame inhibitors on C1-C2 organic flames. Symposium 
(International) on Combustion, 1996, vol. 26, no. 1, p. 1377-1383. 

42 HYNES, R.G. - MACKIE, J.C. - MASRI, A.R. A shock tube kinetic study on the 
reaction of C3F6 and H atoms at high temperatures. Proceedings of the Combustion 
Institute, 2000, vol. 28, no. 2, p. 1557 – 1562.  

43 SILLESEN, A. - RATAJCZAK, E. - PAGSBERG, P. Kinetics of the reactions 
H+C2H4→C2H5, H+C2H5→2CH3 and CH3+C2H5→products studied by pulse 
radiolysis combined with infrared diode laser spectroscopy. Chemical Physics Letters, 
1993, vol. 201, no. 1-4, p. 171–177. 

44 LEVY, M. R. - SIMONS, J. P. Vacuum ultra-violet photodissociation of alkyl iodides. 
Kinetics of the reaction H + ICH3 →HI + CH3. Journal of the Chemical Society, 
Faraday Transactions 2, 1975, vol. 71, p. 561 - 570. 

45 LEIPUNSKII, I. O. - MOROZOV, I. I. - TAL'ROZE, V. L. Mass spectrometric 
measurement of the rate constants for the reactions of hydrogen and fluorine atoms 
with methyl iodide and trifluoroiodomethane. Doklady Physical Chemistry, 1971, vol. 
198. 



                                                                                                                                     References 

                                                                                                                           107 

46 ATKINSON, R. - BAULCH, D.L. - COX, R. A. - CROWLEY, J.N. - HAMPSON, R. 
F.- HYNES, R.G. - JENKIN, M.E. -  KERR, J. A. - ROSSI, M. J. - TROE, J. 
Evaluated kinetic and photochemical data for atmospheric chemistry: Volume III gas 
phase reactions of inorganic halogens. Atmospheric Chemistry and Physics, 2007, vol. 
7, no. 4, p. 981-1191. 

47 DeMORE, W. B. - SANDER, S. P. - GOLDEN, D. M. - HAMPSON, R. F. - 
KURYLO, M. J. - HOWARD, C. J. - RAVISHANKARA, A. R. - KOLB, C. E. - 
MOLINA, M. J. Chemical kinetics and photochemical data for use in stratospheric 
modeling. JPL Publication 97-4, Evaluation No. 12 of the NASA Panel for Data 
Evaluation, 1997, p. 1269. 

48 DeMORE, W. B. - SANDER, S. P. - GOLDEN, D. M. - HAMPSON, R. F. - 
KURYLO, M. J. - HOWARD, C. J. - RAVISHANKARA, A. R. - KOLB, C. E. - 
MOLINA, M. J. Chemical kinetic and photochemical data for use in stratospheric 
modeling. JPL Publication 94-26, Evaluation No. 11 of the NASA Panel for Data 
Evaluation, 1994, p. 1-273. 

49 BROWN, A.C. - CANOSA-MAS, C.E. - WAYNE, R.P. A kinetic study of the 
reactions of OH with CH3I and CF3I. Atmospheric Environment, 1990, vol. 24, no. 2, 
p. 361-367.  

50 GILLES, M. K. - TURNIPSEED, A. A. - TALUKDAR, R. K. - RUDICH, Y. - 
VILLALTA, P. W. - HUEY, L. G. - BURKHOLDER, J. B. - RAVISHANKARA, A. 
R. Reactions of O(3P) with alkyl iodides: rate coefficients and reaction products. The 
Journal of Physical Chemistry, 1996, vol. 100, no. 33, p.14005–14015. 

51 HOLSCHER, D. - FOCKENBERG, C. H. R. - ZELLNER, R. LIF detection of the IO-
radical and kinetics of the reactions I+O3→IO+O2, O(3P)+I2→IO+I, 
O(3P)+CH3I→IO+CH3 and O(3P)+CF3I→IO+CF3 in the temperature range 230 to 
310K. Berichte der Bunsengesellschaft für Physikalische Chemie, 1998, vol. 102, no. 
5, p. 716–722. 

52 MOROKUMA, K. - PEDERSEN, L. - KARPLUS, M. Structure of CH3 and CF3. The 
Journal of Chemicals Physics, 1968, vol. 48, no. 10, p. 4801-4802. 

53 YAMADA, CH. - HIROTA, E. - KAWAGUCHI, K. Diode laser study of the n2 band 
of the methyl radical. The Journal of Chemical Physics, 1981, vol. 75, no. 11, p. 5256-
5264. 

54 AMANO, T. - BERNARTH, P. F. - YAMADA, C. - ENDO, Y. - HIROTA, E. 
Difference frequency laser spectroscopy of the n3 band of the CH3 radical. Journal of 
Chemical Physics, 1982, vol. 77, no. 11, p. 5284-5287. 

55 ENDO, Y. - YAMADA, CH. - SAITO, S. - HIROTA, E. The microwave spectrum of 
the fluoromethyl radical, CH2F. Journal of Chemical Physics, 1893, vol. 79, no. 4, p. 
1605-1611. 

56 ENDO, Y. - SAITO S. - HIROTA, E. The microwave spectrum of the chloromethyl 
radical, CH2Cl. Canadian Journal of Physics, 1984, vol. 62, no. 12, p. 1347-1360. 

57 BAILLEUX, S. - DREÁN, P. - ZELINGER, Z. - CIVIŠ, S. - OZEKI, H. - SAITO, S. 
The submillimeter-wave spectrum of the chloromethyl radical, CH2Cl, in the ground 
vibronic state. Journal of Molecular Spectroscopy, 2005, vol. 229, no. 1, p. 140-144. 

58 BAILLEUX, S. - DREÁN, P. - GODON, M. - ZELINGER, Z. - DUAN, Ch. First 
observation of the rotational spectrum of the bromomethyl radical, CH2Br. Physical 
Chemistry Chemical Physics, 2004, no. 6, p. 3049-3051.  



                                                                                                                                     References 

                                                                                                                           108 

59 BAILLEUX, S. - DREÁN, P. - ZELINGER, Z. - CIVIŠ, S. - OZEKI, H. - SAITO, S. 
Millimeter wave spectrum of bromomethyl radical, CH2Br. Journal of Chemical 
Physics, 2005, vol. 122, no. 13, p. 134302-1-134302-6.  

60 OZEKI, H. - OKABAYASHI, T. - TANIMOTO, M. - SAITO, S. - BAILLEUX, S. 
Hyperfine resolved spectrum of the bromomethyl radical, CH2Br, by Fourier transform 
microwave spectroscopy. The Journal of Chemical Physics, 2007, vol. 127, no. 22, p. 
224301-224306. 

61 FESSENDEN, R. W. - SCHULER, R. H. ESR spectra and structure of the fluorinated 
methyl radicals. Journal of Chemical Physics, 1965, vol. 43, no. 8, p. 27042712. 

62 ENDO, Y. - YAMADA, Ch. - SAITO S. - HIROTA, E. The microwave spectrum of 
the trifluoromethyl radical. Journal of Chemical Physics, 1982, vol. 77, no. 7, p. 3376-
3382. 

63 YAMADA, Ch. - HIROTA, E. Infrared diode laser spectroscopy of the CF3 υ3 band. 
The Journal of Chemical Physics, 1983, vol. 78, no. 4, p. 17031711. 

64 DYMOV, B. P. - SKOROBOGATOV, G. A. - TSCHUIKOW-ROUX, E. P. 
Molecular, thermodynamic, and kinetic parameters of iodomethanes and iodomethyl 
radicals: ab initio calculations. Russian Journal of General Chemistry, 2004, vol. 74, 
no. 11, p. 1686-1696. 

65 ANDREWS, L. - SMITH, D. W. Matrix infrared spectrum and bonding in the 
monochloromethyl radical. Journal of Chemical Physics, 1970, vol. 53, no. 7, p. 2946-
2955. 

66 SMITH, D. W. - ANDREWS, L. Matrix infrared spectrum and bonding in the 
monobromomethyl radical. The Journal of Chemical Physics, 1971, vol.  55, no.11, p. 
5295-5303. 

67 SMITH, D. W. - ANDREWS, L. Matrix infrared spectrum and bonding in the 
monoiodomethyl radical. The Journal of Chemical Physics, 1971, vol. 58, no. 12, p. 
5222-5229 

68 KAWASAKI, M. - LEE, S. J. - BERSOHN, R. Photodissociation of molecular beams 
of methylene iodide and iodoform. The Journal of Chemical Physics, 1975, vol. 63, 
no. 2, p. 809-814. 

69 KROEGER, P. M. - DEMOU, P. C. - and RILEY, S. J. Polyhalide photofragment 
spectra. I. Two-photon two-step photodissociation of methylene iodide. The Journal of 
Chemical. Physics, 1976, vol. 65, no. 5, p. 1823-1834. 

70 STEFANOPOULOS, V. G. - PAPADIMITRIOU, V. C. - LAZAROU, Y. G. - 
PAPAGIANNAKOPOULOS, P. Absolute rate coefficient determination and reaction 
mechanism investigation for the reaction of Cl atoms with CH2I2 and the oxidation 
mechanism of CH2I radicals. The Journal of Physical Chemistry A, 2008, vol. 112, no. 
7, p. 1526-1535 

71 ANDREWS, L. - DYKE, J. M. - NEVILLE, J. - KEDDAR, J. N. - MORRIS, A. The 
first bands in the photoelectron spectra of the CH2Br, CD2Br, CHBr2, and CH2I free 
radicals. The Journal of Physical Chemistry, 1984, vol. 88, no. 10, p. 1950-1954. 

72 KAMBANIS, K. G., ARGYRIS, D. Y., LAZAROU, Y. G. and 
PAPAGIANNAKOPOULOS, P. Absolute Reaction Rate of Chlorine Atoms with 
Chloroiodomethane. Journal of Physical Chemistry A, 1999, vol. 103, p. 3210-3215 

73 BISHOP, D. M. Group theory and chemistry. 2nd ed. Oxford: The Clarendon Press, 
1993, 297 p. ISBN 0-486-67355-3. 



                                                                                                                                     References 

                                                                                                                           109 

74 STEFANOPOULOS, V. G., PAPADIMITRIOU, V. C., LAZAROU, Y. G. and  
PAPAGIANNAKOPOULOS, P. Absolute Rate Coefficient Determination and 
Reaction Mechanism Investigation for the Reaction of Cl Atoms with CH2I2 and the 
Oxidation Mechanism of CH2I Radicals. The Journal of Physical Chemistry A, 2008, 
vol. 112, p. 1526-1535 

75 SEETULA, J. A. Kinetics of the R+HBr→RH+Br (R=CH2I or CH3) reaction. An ab 
initio study of the enthalpy of formation of the CH2I, CHI2 and CI3 radicals. Physical 
Chemistry Chemical Physics, 2002, vol. 4, no. 3, p. 455-460. 

76 LIU, Y. J. - AJITHA, D. - KROGH, J. W. - LINDTH, R. - TURNOVSKY, A. N. 
Spin–orbit ab initio investigation of the photolysis of bromoiodomethane. 
ChemPhysChem, 2006, vol.7, no. 4, p. 955-963. 

77 ODELIUS, M. - KADI, M. - DAVIDSSON, J. - TARNOVSKY, A. N. 
Photodissociation of diiodomethane in acetonitrile solution and fragment 
recombination into iso-diiodomethane studied with ab initio molecular dynamics 
simulations. The Journal of Chemical Physics, 2004, vol. 121, no. 5, p. 2208-2214. 

78 MARSHALL, P. - SRINIVAS, G. N. - SCHWARTZ, M. A computational study of the 
thermochemistry of bromine- and iodine-containing methanes and methyl radicals. The 
Journal of Physical Chemistry A, 2005, vol. 109, no. 28, p. 6371-6379. 

79 DUFLOT, D. - FLAMENT, J. P. Private communication, 2008. 
80 HOLLAS, J. M. High Resolution Spectroscopy. 2nd edition. England: Willey, 1998. 

743 p. ISBN 978-0471974215.  
81 KOVÁČ, Š.- LEŠKO, J. Spektrálne metódy v organickej chémii. 1. vyd. Bratislava: 

Alfa, 1980. 486 s. ISBN 6323180. 
82 TOMONOGA, S. The Story of Spin. Chicago: The University of Chicago, 1997. 265 p. 

ISBN 0226807940.  
83 KROTO, H. W. Molecular Rotation Spectra.1st. ed. USA (New York): Dover 

Publications, 1992. 352 p. ISBN 978-0486495408. 
84 GORDY, W. - COOK, R. L. Microwave Molecular Spectra. In Techniques of 

Chemistry. 3rd ed. New York: Wiley-Interscience, 1984. 944 p. ISBN-13 978-
047108681. 

85 BERNARTH, P. F. Spectra of atoms and molecules. 2nd ed. New York: Oxford 
University Press, 2005, p 439, ISBN 978-0195177596. 

86 PICKETT, H.M. The fitting and prediction of vibration-rotation spectra with spin 
interactions. Journal of Molecular Spectroscopy, 1998, vol. 148, no. 2, p. 371-377 

87 BAILLEUX, S. - BOGEY, M. - DEMAISON, J. - BÜRGER, H. - SENZLOBER, M. - 
BREIDUNG, J. - THIEL, W. - POLA, J. The equilibrium structure of silene H2C=SiH2 
from millimetre wave spectra and from ab intio calculations. Journal of Chemical 
Physics, 1997, vol. 106, no. 24, p. 10016-10026. 

88 BAILLEUX, S. - BOGEY, M. - DEMUYNCK, C. - LIU, Y. - WALTERS, A. 
Millimetre-wave spectroscopy of PO in excited vibrational states up to ν=7. Journal of 
Molecular Spectroscopy, 2002, vol. 216, no. 2, p. 465-471. 

90 ARDENNE, A. - MELIS, W. Quasi-optical measurement of carcinotron phase noise at 
350 GHz. Ellectronics letters, 1988, vol. 24, no. 23, p. 1411-1412. 

91 TRETYAKOV, M. Y. - KRUPNOV, F. Spectroscopy of the harmonics of the 
backward wave oscillators. Journal of Molecular Spectroscopy, 1995, vol. 172, no. 1, 
p. 205-210. 



                                                                                                                                     References 

                                                                                                                           110 

92 VYAS, P. - GOKHALE, A. - CHOYAL, Y. - MAHESHWARI, K. P. Linear theory of 
plasma filled backward wave oscillator. Pramana – Journal of physics, 2001, vol. 56, 
no. 5, p. 625-633. 

93 ALDER, J. F. - BAKER, J. G. Quantitative millimeter wavelength spectrometry. 1st 
ed. Cambridge: The Royal Society of Chemistry, 2002. 122 p. ISBN 0-85404-575-9. 

94 KRACÍK, J.  - SLAVÍK, J. B. - TOBIÁŠ, J. Elektrické výboje. 1st ed. PRAHA: SNTL, 
1964. 216 p. ISBN 301-05-32. 

95 RAY, S. J. - HIEFTJE, G. M. Microwave plasma torch – atmospheric-sampling glow 
discharge modulated tandem source for sequential acquisition of molecular 
fragmentation and atomic mass spectra. Analytica Chimica Acta, 2001, vol. 445, no. 1, 
p. 35-45.  

96 IZA, F. - HOPWOOD, J. A. Low-power microwave plasma source based on a 
microstrip split-ring resonator. IEEE transactions on plasma science, 2004, vol. 31, 
no. 4, p. 782-787. 

97 HOPWOOD, J. A. - IZA, F. Low power plasma generator. USA, US 6917165 B2, 
2005-12-07. 

98 IZA, F. - HOPWOOD, J. A Split-ring resonator microplasma: microwave model, 
plasma impedance and power efficiency. Plasma Sources Science and Technology, 
2005, vol. 14, no. 2, p. 397-406.  

99 FOEST, R. - SCHMIDT A, M. - BECKER, K. Microplasmas, an emerging field of 
low-temperature plasma science and technology. International Journal of Mass 
Spectrometry, 2006, vol.248, no. 3 p. 87-102. 

100 PENCHEVA, M. - PETROVA, T. - BENOVA, E. - ZHELYAZKOV, I. Modelling of 
microwave sustained capillary plasma columns at atmospheric pressure. Journal of 
Physics, 2006, vol. 44, p. 110-115. 

101 FEHSENFELD, F. C. - EVENSON, K. M. - BRODA, H. P. Microwave discharge 
cavities operating at 2450 MHz. Review of Scientific Instrument, 1965, vol. 36, no. 3, 
p. 294-298.   

102 BAILLEUX, S. - KANIA, P. - SKŘÍNSKÝ, J. - OKABAYASHI, T. - TANIMOTO, 
M. - MATSUMOTO, S. - OZEKI, H. Hyperfine resolved fourier transform microwave 
and millimeter-wave spectroscopy of the iodomethyl radical, CH2I (X2B1). The 
Journal of Physical Chemistry A, 2010, vol. 114, no. 14, p. 4776-4784. 

103 KISIEL, Z. Least-squares mass-dependence molecular structures for selected weakly 
bound intermolecular clusters. Journal of Molecular Spectroscy, 2003, vol. 218, no. 1, 
p. 58-67. 

104 EGGERS, D. F. The ground-state geometry of methyl fluoride, Journal of Molecular 
Structure, 1976, vol. 31, no. 2, p. 367-370. 

105 MORTON, J. R.Electron spin resonance spectra of oriented radicals. Chemical 
Reviews, 1964, vol. 64, no. 4, p. 453-471. 

106 McCONNEL, H. M. - CHESNUT, D. B. Theory of isotropic hyperfine interactions in 
π-electron radicals. The Journal of Chemical Physics, 1958, vol. 28, no. 1, p. 107-117. 

107 PYYKKÖ, P. - WIESENFELD, L. Relativistically parameterized extended Hückel 
calculations. IV. Nuclear spin-spin coupling tensors for main group elements. 
Molecular Physics, 1981, vol. 43, no. 3, p. 557-580. 

108 MILLER, C. E. - COHEN, E. A. The rotational spectrum of iodine dioxide, OIO. The 
Journal of Chemical Physics, 2003, vol. 118, no. 14, p. 6309-6317.   



                                                                                                                                     References 

                                                                                                                           111 

109 MILLER, C. E. - COHEN, E. A. Rotational spectroscopy of IO X2Πi. The Journal of 
Chemical Physics, 2001, vol. 115, no. 14, p. 6459-6470 

110 LI, Q. S. - ZHAO, J. F. - XIE Y. - SCHAEFER H. F. Electron affinities, molecular 
structures, and thermochemistry of the fluorine, chlorine and bromine substituted 
methyl radicals. Molecular Physics, 2002, vol. 100, no. 23, p. 3615-3648. 

111 DESAINTFUSCIEN, M. Data Processing in Precise Time and Frequency 
Applications. 1 st ed. New York: Springer, 2007. 217 p., ISBN-10 3540488774, ISBN-
13 978-3540488774. 

112 WERLE, P. - SCHEUMANN, B. - SCHANDL, J. Real-time signal-processing 
concepts for trace-gas analysis by diode-laser spectroscopy. Optical Engineering, 
1994, vol. 33, no. 9, p. 3093-3105. 

113 HEARD, D. E. Analytical Techniques for Atmospheric Measurement.1 st ed. Oxford: 
Blackwell, 2006. 528 p. ISBN 978-1-4051-2357-0. 

114 SIGRIST, M. W. Trace gas monitoring by laser photoacoustic spectroscopy and 
related techniques. Review of Scientific Instruments, 2003, vol. 74, no. 1, p. 486-490. 

115 NELSON, D. D. - McMANUSA, B. - URBANSKI, S. - HERNDON, S. - ZAHNISER, 
M. S. High precision measurements of atmospheric nitrous oxide and methane using 
thermoelectrically cooled mid-infrared quantum cascade lasers and detectors. 
Spectrochimica Acta Part A, 2004, vol. 60, no. 14, p. 3325–3335. 

116 PATEL, C. K. N. Laser photoacoustic spectroscopy helps fight terrorism: High 
sensitivity detection of chemical warfare agent and explosives. The European Physical 
Journal Special Topics, 2008, vol. 153, no. 1, p 1-18. 

117 SUN, Y. - ONG, K. Y. Detection Technologies for Chemical Warfare Agents and 
Toxic Vapors. 1 st ed. Boca Raton, Florida: CRC Press, 2005, 272 p. ISBN 978-1-
56670-668-1. 

118 WERLE, P. Spectroscopic trace gas analysis using semiconductor diode lasers. 
Spectrochemica acta Part A, 1996, vol. 52, no. 8, p. 805822.  

119 CATTANEO, H. - LAURILA, L. - HERNBERG, R. Photoacoustic detection of 
oxygen using cantilever enhanced technique. Applied Physics B, 2006, vol. 85, no. 2-3, 
p. 337–341. 

120 HERING, P. - STRY, S. - LAY, J. P. Lasers in atmospheric and life sciences. 1 st ed. 
Germany: Springer, 2004. 166 p. ISBN 3-540-40260-8. 

121 LI, J. - LIU, K. - ZHANG, W. - CHEN, W. - GAO, X. Carbon dioxide detection using 
NIR diode laser based wavelength modulation photoacoustic spectroscopy. Optica 
Applicata, 2008, vol. XXXVIII, no. 2, p. 341-352.  

122 KANIA, P. - CIVIŠ, S. Application of InAsSb/InAsSbP and lead chalcogenide 
infrared diode lasers for photoacoustic detection in the 3.2 and 5 µm 
region.Spectrochimica Acta Part A, 2003, vol. 59, no. 13, p. 30633074. 

123 ROSENCWAIG, A. Photoacoustics and Photoacoustic Spectroscopy. New, York: 
Wiley 1980. ISBN: 0471044954. 

124 HARREN, F. J. M. - COTTI, G. - OOMENS, J.  - HEKKERT, S. L. Photoacoustic. 
Spectroscopy in Trace Gas Monitoring. In Encyclopedia of Analytical Chemistry. 
Chichester: Wiley, 2000. 14344p. ISBN 978-0-471-97670-7, p. 2203-2226. 

125 WERLE, P. - MÜCKE, R. - SLEMR, F. The limits of signal averaging in atmospheric 
trace-gas monitoring by tunable diode-laser absorption spectroscopy (TDLAS).  
Applied Physics B, 1993, vol. 57, no. 2, p. 131-139.  



                                                                                                                                     References 

                                                                                                                           112 

126 BARAN, O. - KASAL, M. Allan variances calculation and simulation. In 
Rádioelektronika, 2009. 19 th International Conference 22-23 April, Bratislava. ISBN: 
978-1-4244-3537-1, p. 187-190.   

127 FRIED, A. - HENRY, B. - WERT, B. - SEWELL S. - DRUMMOND, J. R. 
Laboratory, ground-based, and airborne tunable diode laser systems: performance 
characteristics and applications in atmospheric studies. Applied Physics B, 1998, vol. 
67, no. 3, p. 317–330. 

128 WERLE, P. - LECHNER, S. Stark-modulation-enhanced FM-spectroscopy. 
Spectrochimica Acta Part A, 1999, vol. 55, no. 10, p. 1941–1955. 

129 BJORKLUND, G. C. Frequency-modulation spectroscopy: a new method for 
measuring weak absorptions and dispersions. Optics Letters, 1980, vol. 5, no. 1, p. 15–
17. 

130 WERLE, P. - SLEMR, F. - GEHRTZ, M. - BRAUCHLE, C. Wideband noise 
characteristics of a lead-salt diode laser: possibility of quantum noise limited TDLAS 
performance. Applied Optics, 1989, vol. 28, no. 9, p. 1638-1642. 

131 SILVER, J.A. Frequency-modulation spectroscopy for trace species detection: theory 
and comparison among experimental methods. Applied Optics, 1992, vol. 31, no. 6, p. 
707-717. 

132 BOMSE, D. S. - STATON, A. C. - SILVER, J. A. Frequency modulation and 
wavelength modulation spectroscopies: comparison of experimental methods using a 
lead-salt diode laser. Applied Optics, 1992, vol. 31, no. 6, p. 718-731. 

133 ALLAN, D. W. The statistics of atomic frequency standards. Proceedings of the IEEE, 
1966, vol. 54, no. 2, p. 221-230.  

134 ALLAN, D. W. Allan variance [online]. c2003, last revision 7 th of February 2004 [cit. 
2008-10-06]. Avaiable from: <http://www.allanstime.com/AllanVariance/>. 

135 ALLAN, D. W. Should the classical variance be used as a basic measure in standards 
metrology? IEEE Transactions on Instrumentation Measurement, 1987, vol. IM-36, p. 
646-654.  

136  WERLE, P. - DYROFF, CH. - ZAHN, A. - MAZZINGHI, P. - D’AMATO, F. A new 
concept for sensitive in situ stable isotope ratio infrared spectroscopy based on sample 
modulation. Isotopes in Environmental and Health Studies, 2005, vol. 41, no. 4, p. 
323–333 

137 JOLY, L. - PARVITTE, B. - ZENINARY, V. - DURRY, G. Development of a 
compact CO2 sensor open to the atmosphere and based on near-infrared laser 
technology at 2.68 µm. Applied Physics B, 2007, vol. 86, no. 4, p. 743–748.  

138 WERLE, P. - JÄNKER, B.: High-frequency-modulation spectroscopy: phase noise and 
refractive index fluctuations in optical multipass cells. Optical Engineering, 1996, vol. 
35, no. 7, p. 2051-2057. 

139 WERLE, P. - MÜCKE, R. - D´AMATO, F. - LANCIA T. Near-infrared trace-gas 
sensors based on room-temperature diode lasers. Applied Physics B, 1998, vol. 67, no. 
3, p. 307–315.  

140 WERLE, P. - POPOV, A. Application of antimonide lasers for gas sensing in the 3–4 
µm range. Applied Optics, 1999, vol. 38, no. 9, p. 1494-1501. 

141 DYROFF, C. - WEIBRING, P. - FRIED, A. - RICHTER, D. - WALEGA, J. G. - 
ZAHN, A. - FREUDE, W. - WERLE, P. Stark-enhanced diode-laser spectroscopy of 
formaldehyde using a modified Herriott-type multipass cell. Applied Physics B, 2007, 
vol. 88, no. 1, p. 117-123. 



                                                                                                                                     References 

                                                                                                                           113 

142 YANM, H. - KUROSAWAM, T. - ONAEM, A. - SAKUNAM, E. Frequency 
stabilization of a CO2 laser using Lamb-dip from a photo-acoustic cell. Optics 
Communications, 1989, vol. 73, no. 2, p. 136-140. 

143 McMANUS, J.B. - NELSON, D.D. - HERNDON, S.C. - SHORTER, J.H. - 
ZAHNISER, M.S. - BLASER, S. - HVOZDARA, L. - MULLER, A. - GIOVANNINI, 
M. - FAIST, J. Comparison of cw and pulsed operation with a TE-cooled quantum 
cascade infrared laser for detection of nitric oxide at 1900 cm−1. Applied Physics B, 
2006, vol. 85, no. 2-3, p. 235–241. 

144 KROON, P. S. - HENSEN, A. - JONKER, H. J. J. - ZAHNISER, M. S. - VAN ’T 
VEEN, W. H. - VERMEULEN, A. T. Suitability of quantum cascade laser 
spectroscopy for CH4 and N2O eddy covariance flux measurements. Biogeosciences, 
2007, vol. 4, no. 5, p. 715–728 

145 STIMLER, K. - NELSON, D. - YAKIR, D. High precision measurements of 
atmospheric concentrations and plant exchange rates of carbonyl sulfide using mid-IR 
quantum cascade laser. Global Change Biology, 2009, p. 1-8, DOI 10.1111/j.1365-
2486.2009.02088.x. 

146 GRENNHALL, C A. Estimating the modified Allan Variance. In Frequency Control 
Symposium, 1995. Proceedings of the 1995 IEEE International 31 May-2 Jun, San 
Francisco, California. ISBN 0-7803-2500-1, p. 346-353 

147 GREENHALL, C. A. Spectral ambiguity of Allan variance. IEEE Transactions on 
Instrumentation Measurement, 1998, vol. IM-47, no. 3, p. 623-627. 

148 GREENHALL, C. A. Does Allan variance determine the spectrum? In Frequency 
Control Symposium, 1997. Proceedings of the 1997 IEEE International 28-30 May, 
Orlando, Florida. ISBN 0-7803-3728-X, p. 358-365  

149 PRATT, W.K. – KANE, J. - ANDREWS, H. C. Hadamard transforms image coding. 
Proceedings of the IEEE, 1969, vol. 57, no. 1, p.38-67. 

150 BAUGH, R. A. Frequency modulation analysis with the Hadamard variance. 25th 
Annual Symposium on Frequency Control, 1971, p. 222-225. 

151 HOWE, D. A.  An Extension of the Allan variance with increased confidence at long 
term. In Frequency Control Symposium, 1995. Proceedings of the 1995 IEEE 
International 31 May-2 Jun, San Francisco, California. ISBN 0-7803-2500-1, p. 321-
329. 

152 HOWE, D. A. - LAISON, K. J. Simulation study using a new type of sample variance. 
In 27th Annual Precise Time and Time Interval (PTTI) Applications and Planning 
Meeting 29 November-1 December 1995, San Diego, California, p. 279-290. 

153 HOWE, D. A. - LAISON, K. J. Effect of drift on TOTALDEV. In Frequency Control 
Symposium, 1996. Proceedings of the 1996 IEEE International 5-7 Jun, Honolulu, 
Hawaii. ISBN 0-7803-3309-8, p. 883-889. 

154 HOWE, D. A. Methods of improving the estimation of long-term frequency variance. 
Proceedings of the 11 th European Frequency and Time Forum March 1997, 
Neuchâtel, Switzerland, p. 91-99. 

155 HOWE, D. A. - GRENHALL, C. A. Total variance: a progress report on a new 
frequency stability characterization. In 29 th Annual Precise Time and Time Interval 
(PTTI) Meeting 2-4 December 1997, Long Beach, California, p. 39-48. 

156 WERLE, P. - SLEMR, F. - GEHRTZ, M. - BRAUCHLE, C. Quantum-limited FM-
spectroscopy with a lead-salt diode laser. Applied Physics B, 1989, vol. 49, no. 2, p. 
99-108. 



                                                                                                                                     References 

                                                                                                                           114 

157 BARNES, J. A. - CHI, A. R. - CUTLER, L. S. - HEALEY, D. J. - LEESON, D. B. - 
McGUNIGAL, T. E. - MULLEN, J. A. - SMITH, W. L - SYDNOR, R. L. - VESSOT, 
R.F.C. - WINKLER, G.M.R. Characterization of frequency stability. IEEE 
Transactions on Instrumentation Measurement, 1971, vol. IM-20, no. 2, p. 105-120.  

158 WERLE, P. - MAZZINGHI, P. - D’AMATO, F. - De ROSA M. - MAURER, K. - 
SLEMR, F. Signal processing and calibration procedures for in situ diode-laser 
absorption spectroscopy. Spectrochim. Acta A, 2004, vol. 60, no. 8-9, p. 1685-1705. 

159 AUDOIN, C. - GUINOT, B. The Measurement of Time: Time, Frequency and the 
Atomic Clock. Cambridge: Cambridge University Press, 2001. 348 p. ISBN-10 
0521003970, ISBN-13 978-0521003971. 

160 SKŘÍNSKÝ, J.  Infrared Laser-Diode Spectroscopy of Unstable Particle. Ostrava, 90 
p. Master Thesis - VŠB-TU Ostrava. Supervisor RNDr. Ing. Michal Střižík, PhD. 

161 ZELINGER, Z. - CIVIŠ, S. - JAŇOUR, Z. Laser photoacoustic spectrometry and its 
application for simulation of air pollution in a wind tunnel. The Analyst, 1999, vol. 
124, p. 1205-1209. 

162 ZELINGER, Z. - CIVIŠ, S. - KUBÁT, P. - ENGST, P. Diode laser application for 
research of molecular ions. Infrared Physics & Technology, 1995, vol. 36, no. 1, p. 
537-543.  

163 ZELINGER, Z. - STŘIŽÍK, M. - KUBÁT,P. - CIVIŠ, S. - GRIGOROVÁ, E. - 
JANEČKOVÁ, R. -  ZAVILA, O. - NEVRLÝ, V. - HERECOVÁ, L.- BAILLEUX, S.- 
HORKÁ, V. - FERUS, M. -  SKŘÍNSKÝ, J. - KOZUBKOVÁ, M. -  DRÁBKOVÁ, S. 
- JAŇOUR, Z. Dispersion of light and heavy pollutants in urban scale models: CO2 
laser photoacoustic studies. Applied Spectroscopy, 2009, vol. 63, no. 4, p. 430-436. 

164 CODNIA, J. - AZCARATE, M. L. Absorption coefficients of O3 at CO2 laser 
wavelengths. Optics and Lasers in Engineering, 2003, vol. 39, no. 5-6, p. 619-627.  

165 ZELINGER, Z. - KUBÁT, P. - WILD, J. Unusual kinetics of ions in a discharge 
plasma ambipolar diffusion and mobilities of ArD+ in argon, helium and neon. 
Chemical Physics Letters, 2003, vol. 368, no. 5-6, p. 532–537. 

166 CIVIŠ, S. Infrared diode laser study of ArH+ and ArD+ ions in the positive column of 
an ac glow discharge. Chemical Physics, 1994, vol. 186, no. 1, p. 63-76. 

167 ZELINGER, Z. - STŘIŽÍK, M. - KUBÁT, P. - JAŇOUR, Z. - BERGER, P. - ČERNÝ, 
A. - ENGST, P. Laser remote sensing and photoacoustic spectrometry applied in air 
pollution investigation. Optics and Lasers in Engineering, 2004, vol. 42, no. 4, p. 403–
412. 

168 ZELINGER, Z. - JANČIK, I. - ENGST, P. Measurement of the NH3, CCI2F2, CHCIF2, 
CFCI3, and CCIF3 absorption coefficients at isotopic 13C16O2 laser wavelengths by 
photoacoustic spectroscopy. Applied Optics, 1992, vol. 31, no. 33, p. 6974-6975. 

169 ZELINGER, Z. - STŘIZÍK, M. - KUBÁT, P. - CIVIŠ, S. Quantitative analysis of trace 
mixtures of toluene and xylenes by CO2 laser photoacoustic spectrometry. Analytica 
Chimica Acta, 2000, vol. 422, no. 2, p. 179–185. 

170 ORIGIN [computer program]. Ver.6.1. Northampton (USA), 2000. [cit. 06-07-2010]. 
Avaiable from: <www.originlab.com>. 

171 GUPTA, M. Electrical Noise Fundamentals and Sources. New York: IEEE Press, 
1977. 361 p. ISBN-13 978-0879420864. 

172 SATO, S. - YAMAMOTO, M. Noise in Physical Systems and 1/f Fluctuation. Oxford: 
IOS Press, 1992. 800 p. ISBN 90-5199-083-9 



                                                                                                                                     References 

                                                                                                                           115 

173 WERLE, P. A review of recent advances in semiconductor laser based gas monitoring. 
Spectrochimica Acta Part A, 1998, vol. 54, no. 2, p. 197–236. 

174 MISHRA, S. P. - NEILSON, G. W. - SYMONS, M. C. R. Unstable intermediates. Part 
137.—α- Bromoalkyl radicals in irradiated organic bromides: an electron spin 
resonance study Journal of the Chemical Society, Faraday Transactions 2, 1974, vol. 
70, p. 1165-1174. 

175 AYHENS, Y. V. - NICOVICH, J. M. - McKEE, M. L. - WINE, P. H. Kinetic and 
mechanistic study of the reaction of atomic chlorine with methyl iodide over an 
extended temperature range, The Journal of Physical Chemistry A, 1997, vol. 101, no. 
49, p. 9382-9390. 

176 CAROCCI, S. - DI LIETO, A. - DE FANIS, A. - MINGUZZI, P. - ALANKO, S. - 
PIETILÄ. The molecular constans of 12CH3I in the ground and ν6=1 excited 
vibrational state. Journal of Molecular Spectroscopy, 1998, vol. 191, no. 2, p. 368-373. 

177 TOWNES, C. H., SCHAWLOW, A. L. Microwave Spectroscopy. New York: Dover 
Publications, 1975. 698 p. ISBN 978-0486617985. 

178 WATSON, J. K. G. In Vibrational Spectra and Structure, a series of advances. 
Amsterdam: Elsevier Science, 1977. 396 p. ISBN 978-0444413802   

 
 
 
 
 



                                                                                                                                    Appendices                                                                                                                                                             

                                                                                                                               

24 Appendices 

Appendix I Noise in the measurement [93, 130] 

Appendix II    Experimental set-up for millimeter-wave spectroscopy [93] 

Appendix III   Experimental set-up for diode laser spectroscopy [160] 

Appendix IV  Experimental set-up for photoacoustic spectroscopy with CO2 laser                                       

Appendix V Table of derived molecular parameters [102] 

Appendix VI   Example of measured fine and hyperfine structure (Part 5.3) 

Appendix VII    Time series spectra of ArD+ line (1944.8416 cm-1) (Part 14, Fig. 29) 
 
 
 
 
 



                                                                                                                                    Appendix I 
 

                                                                                                                               

White noise 
Thermal fluctuations and the respective change of the movement velocity of charged particles 

are unavoidably present in all circuits and give rise to Johnson–Nyquist noise called white 

noise [93, 130].  

 

This noise type could be described by the following formula:  

 

                                       S(T)= 4 $R$NP = 4 $R$ k $T $B
RESISTOR

                                   (A-1) 

 
S(T) is noise current [A], R is resistance [Ω], NP is noise power [W], k is Stefan–Boltzman 

constant  [W.m-2.K-4], T is thermodynamic temperature [K], B is circuit bandwidth [s-1]   

 
The non-uniform arrival (shot) of photons at a detector caused the fluctuations that might be 

seen as the shots on the oscilloscope screen. Such noise is described by: 

 

                               S(I)RESISTOR = 2 $ e $ I $B " S(U)RESISTOR = 2 $ e $ I $B $R                (A-2) 

 

S(I) is noise current [A], S(U) is noise voltage [A], e is electron charge [C], I is current [A], 

and B is circuit bandwidth [s-1]   
 

Pink noise (1/f noise) 
The random trapping and release of current carriers at the surface of a solid cause the inverse 

frequency noise (often denoted as Flicker noise) [93]. 

 

                                                     S(f) RESISTOR= f
C $ I 2

$ B                                                   (A-3) 

 

S(f) is inverse frequency noise [s-1], C is constant [m2.s], I is current [A], B is circuit 

bandwidth [s-1],  f is frequency [s-1]. 

 

The 1/f noise contribution is the main rationale for applying modulation techniques in high 

sensitivity spectroscopy. Obviously, this contribution can be evaded in frequency space by 

applying even higher modulation frequencies.  
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1. lock in amplifier                                                       19. bolometer 
2. digital oscilloscope                                                   20. chopper 
3. HP synthesizer                                                           21. active sensor 
4. agilent synthesizer                                                     22. RC generator 
5. repeater   23. galvanic separation of 1 from 19 
6. Rb standard                                                                24. air pump  
7. GPS receiver                                                              25. thermostat 
8. A/D converter                                                            26. LN2 cooling system  
9. PC   27. rotary pump 
10. external frequency modulator  28. cylinder with Cl/He mixture 
11. frequency multiplier 29. magnetron 
12. phase comparator 30. mixer 
13. bias 31. absorption cell                                    
14. pressure unit 32. amplifier 
15. power supply 33. CH2I2, CH3I samples 
16. BWO 34. cylinder with LN2 
17. faradays isolator 35.diffusion pump 
18. spectrum analyser 36. rotary pump 
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1. tunable diode laser                                                   16. preamplifier 
2. cold head (He-cryostat)                                            17. high voltage power supply  
3. He-Ne laser                                                               18. galvanic separation of 17 and  
4. He-Ne laser control unit 19. PC 
5. high accuracy pressure sensor  20. digital oscilloscope  
6. digital pressure gauge 21. phase sensitive amplifier  
7. pressure cylinder with Ar 22. RC generator 
8. pressure cylinder with D2 23. galvanic separation of 1 from 19 
9. mixer of the gases 24. air pump  
10. external frequency modulator  25. thermostat 
11. digital temperature sensor  26. LN2 cooling system  
12. control unit for rotary vacuum pump 27. rotary pump 
13. rotary oil pump  28. White type discharge cell (water-cooled) 
14. vacuum generator  29. digital temperature sensor 
15. InSb detector  30. compressor 
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1. spectral analyzer  
2. stepping motor control  
3. laser cooling  
4. CO2 laser  
5. pulsed generator  
6. chopper  
7. permeation standard  
8. photoacoustic cell  
9. microphone  
10. power meter  
11. flow meter  
12. rotary pump  
13. oscilloscope  
14. phase sensitive amplifier  
15. A/D convertor  
16. PC  
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A reduction S reduction 

Constant Predicted Determined Constant Determined 
     
          A 279413 b 276675.9(25) a          A   276679.2(5) 
          B     8806 b    8896.5213(11)          B       8896.24093(18) 
          C     8537 b    8613.4204(11)          C        8613.70036(20) 
     
103 x ∆N           7.62790(22) 103 x DN              7.59072(18) 
        ∆NK           0.248075(37)         DNK              0.248299(38) 
         ∆K         24.25 c          DK            24.25 c 
103 x δN           0.23601(11)  103 x d1            −0.23613(11) 
         δK             0.14027(53)           d2              −0.018343(72) 
109 x ΦN         −3.39(13) 109 x HN            −3.63(13) 
106 x ΦNK           0.228(26) 106 x HNK              0.142(27) 
106 x ΦKN           8.75(40) 106 x HKN              8.99(41) 
     
         εaa  −29409.781(10)         εaa   −29409.763(10) 
         εbb      −926.527(21)                εbb        −926.2842(16) 
         εcc        208.809(21)                    εcc          208.5652(15) 
            S

∆KN            1.0109(15)             SDKN              1.0135(15) 
103 x S∆N            0.9003(87) 103 x SDN              0.6687(37) 
              S

∆K            1.634(15)              SDK              1.632(16) 
103 x SδN            0.2204(54) 103 x Sd1              0.2180(56) 
103 x SδK            0.119(11) 103 x Sd2              0.1179(42) 
     
        aF (I) 16.6 d       −15.83740(47)           aF (I)          −15.83810(47) 
103 x aF

N(I)            0.132(41) 103 x aF
N(I) − 

103 x aF
K(I)         −7.7(15) 103 x aF

K(I) − 
     
        Taa (I) −130 e    −152.96434(65)           Taa (I)         −152.96436(68) 
        Tbb (I) −130 e    −138.9880(18)         Tbb (I)        −139.0008(20) 
        Tcc (I)

 f 260 e      291.9524(18)         Tcc (I)
 f          291.9652(20) 

     
       χaa(I) −1741 g  −1745.0218(25)          χaa(I)     −1745.0219(26) 
       χbb(I) 1080 g    1089.5756(57)          χbb(I)        1089.6087(100) 
       χcc(I)

 f 661 g      655.4462(57)          χcc(I)
 f          655.4131(100) 

      χaa
N(I)         −0.00257(38)        χaa

N(I)            −0.00238(39) 
      χaa

K(I)           0.0894(36)        χaa
K(I)              0.0885(46) 

     
      Caa (I)           0.38874(90)        Caa (I)              0.38042(101) 
      Cbb (I)           0.03359(33)        Cbb (I)              0.03224(33) 
      Ccc (I)           0.02318(38)         Ccc (I)              0.02405(38) 
     
       aF (H)       −57.60362(72)          aF (H)          −57.60464(72) 
     
      Taa(H)       −20.7056(21)        Taa(H)          −20.7086(21) 
      Tbb(H)          18.9(10)         Tbb(H)             20.01(10) 
      Tcc(H)  f           1.8(10)        Tcc(H) f              0.69(10) 

 
a Values in parentheses denote the standard deviation (1σ) and apply in units of the last digits of the constants. 
b Equilibrium rotational constants obtained from [79] 
c Fixed to the value scaled from those of CH2Cl·radical [56, 57] and CH2Br· radical [60] 
d Predicted using the same electronic spin density with s character as those of CH2Br· radical see [102] 
e Predicted using the same electronic spin density with p character as those of CH2Br· radical see [102] 
f Derived using the Tcc = −(Taa + Tbb) or χcc = −(χaa + χbb) relationships. 
g χaa(I) = −1934 MHz of CH3I [176] with the ratio χbb(I)/χaa(I) = −0.62 in CH2Br· and CH2Cl radical see [102]
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